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Extensive investigations on the mechanism of cationic
polymerization of vinyl monomers have recently "been carried
out ', and in consequence, many differences between catio-
nic polymerization and radical polymerization have emerged.
Most of them are ascribed to the fact that in radical
polymerization the growing radical formed by the addition
of catalyst fragment to the double bond of monomer grows
always acting as a free radical, while in cationic poly-
merization the growing cation is formed by addition of a
proton or carbonium ion produced from a neutral catalyst
molecule to the double bond of a monomer and associates
with the anionic moiety of the catalyst molecule to give
an ion-pair which acts as an active center of polymerization.
Hence, in connection with the nature of the growing ion-
pair, it is very important to study the elementary reactions
in cationic polymerization.
Pepper stated in the recent review^ that the
following two facts regarding cationic polymerization
remain to be explained:
(i) polymerization rate in cationic polymerization is in
general larger than the radical polymerization, (ii)
molecular weight of polymer in cationic polymerization
-1-
is in general lower than in radical polymerization.
Here the significance of the second of these lies in
that radical polymerization is usually carried out at
room temperature or higher and polymers having the
degree of polymerization of a few thousand or more can
easily be produced if suitable polymerization conditions
are employed, while in cationic polymerization, the
degree of polymerization of the polymer is extremely
low when polymerization is carried out at room temperature,
and it is usual to effect polymerization at -78°C(dry ice
temperature) or lower when polymer having a degree of poly-
merization of a few thousand is required. This means that
in the cationic polymerization the transfer and the
termination reactions, which determine the molecular
weight of polymer, occur very easily and compete
succesfully with the propagation reaction at higher
temperature, but that at lower temperatures they are
suppressed, and a high molecular weight polymer results.
Polyisobutene produced by cationic polymerization,
has long been available industrially, and is an original
synthetic rubber. Recently, cationic polymerization
of aldehydes and cyclic ethers has been extensively
studied and some aspects developed practically^).
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Though the product of cationic polymerization has
practical value, there has been little study of the
reactions which determine molecular weight, and there
is scarcely anything known about how the nature of the
growing ion-pair affects them.
Recently, basic research on the degree of poly-
merization of cationically polymerized polystyrene
was reported from this Iaboratory4), and it was es-
tablished that monomer transfer reaction and uni-
molecular termination reaction are kinetically the
molecular weight-determining ones. The monomer transfer
constant ratio (k-tm/kp) and the unimolecular termination
constant ratio (k-fc/kp)were calculated by a suitable
method, and the effect of the polymerization conditions
on the rate constant ratios was discussed. It was
found that the degree of polymerization of polystyrene
is determined mainly by the monomer transfer reaction,
and that k-fcm/kpis larger, the stronger the catalyst
(TiCl4>SnCl4>FeCl5>BF5 OEt2) and the less polar
the solvent (CgH^CgHg ACf/o-(CE2Gl)2>CQEK>2Ofo-(CE2Cl)2)-
Hence it is to be predicted from the kinetic results
that polymerization of styrene in a polar solvent using
a mild catalyst will give a high molecular weight polymer,
-3-
and such was actually found to be the case. However,
the paper went no further. It was left to explain how
one could reconcile the apparently contradictory re-
sults that use of milder polymerizing catalyst or
solvent giving a higher polymerization rate, gives a
polymer of higher molecular weight. Thus, elucidation
of the mechanism by which polymerization condition
affects the transfer and the termination reactions
was important and interesting, both theoretically and
practically*
The present investigation deals primarily with
three subjects: (i) determination of the transfer and
the termination constant ratios for a series of monomers
under various polymerization conditions, and deduction
of the mechanisms of the transfer and termination
reactions, (ii) relationship between polymerization
kinetics and molecular weight distribution of the re-
sultant polymer, and (iii) discussions of question such
as reactivity of the growing ion and degree of poly-
merization of copolymer, utilizing information about
the transfer reaction here obtained.
Firstly in Part 2, ktm/kp and kt/kp are determined
for polymerization of nine kinds of monomers. The
-A-
values are discussed in relationship to polymerization con-
ditions : mechanisms for the monomer transfer and
unimolecular termination reactions are proposed.
In Chapter I, the solvent effect recognized in
the polymerization of styrene4) (stated above) was
examined in the polymerization of 06-methylstyrene
by boron trifluoride etherate using a variety of poly-
merization solvents. On determining k-tm/kp for a
series of solvents of different dielectric constants,
the same solvent effect as that observed in the poly-
merization of styrene (the larger the dielectric con-
stant, the smaller k^j^kp.) was observed at dielectric
constant below 6. This experimental fact suggests
occurrence of a monomer transfer reaction with a
mechanism other than observed in the styrene polymeri-
zation.
As the monomer structure of OL -methylstyrene was
considered to be intermediate between the structure of
styrene and that of isobutene, transfer and ter-
mination reactions of isobutene were investigated.
The experimental results are described in Chapter 2
and compare with those for styrene and oi -methylstyrene.
-5-
k-fcjn/kpfor isobutene was found to be larger the milder
the polymerization catalyst and the more polar the solvent.
This is just reverse of what obtains in styrene poly-
merization, and it suggests that in isobutene poly-
merization the mechanism of the monomer transfer re-
action is quite different to that for styrene or a -
methylstyrene. Focussing attention on the monomer
transfer reaction, since the structure of OL-methyl-
styrene resembles that of isobutene or styrene, it
is possible that both types of the monomer transfer
reaction occur in polymerization of CL -methylstyrene.
Here, the monomer transfer reaction in the cationic
polymerization of isobutene and styrene are respectively
referred to as the isobutene-type and the styrene-type
of monomer transfer reaction. Considering as a whole
the ejcperimental resiilts reported by several workers
for the cationic polymerization of isobutene, the me-
chanism of the isobutene-type monomer transfer reaction
is proposed as the proton extraction by a monomer from
the growing end. The effect of the nature of the
growing ion-pair on this reaction is also discussed.
In Chapters 3 an<!4> "the mechanism of the styrene-
type monomer transfer reaction is discussed. In
-6-
Chapter 3≫the cationic polymerization of ortho- and
para-methoxystyrene, which are the styrene derivatives
with +M substituent on phenyl group of styrene, was
carried out by boron trifluoride etherate, and the
same relationship as in the cationic polymerization
of styrene was observed for the effect of solvent
dielectric constant on k-^jjj/kp4 The mechanism proposed
for the styrene-type monomer transfer reaction is a
Friedel-Crafts alkylation of phenyl group of monomer
by the growing ion-pair.
In Chapter 4> the cationic polymerization of ortho-
and para-chlorostyrene, which are the styrene deriva-
tives with -I substituent on phenyl group of styrene,
was carried out by stannic chloride―trichloroacetic
acid as catalyst, to test the validity of the mechanism
of the styrene-type monomer transfer reaction proposed
in Chapter 3. The same effect of dielectric constant
of solvent on k-^jjj/kp as in the styrene polymerization
and in the methoxystyrene polymerization was observed,
and the validity of the mechanism of the styrene-type
monomer transfer reaction proposed in Chapter 3 was
confirmed.
In Chapters 5 and 6, the monomer transfer reaction
-7-
in the polymerization of alkyl vinyl ether, which is
the third monomer group in the cationic polymerization
and often serves as a standard research material,
was studied. In Chapter 5? methyl vinyl ether, the
lowest alkyl vinyl ether, was polymerized and the
effects of the catalyst and the solvent on k-fcmAp were
studied. As consequence, k^m/kp in the methyl vinyl
ether polymerization was found to increase with using
a polar solvent and an active catalyst, which is a
behavior different from either isobutene- or styrene-
type. The suggested mechanism of the monomer transfer
reaction in the methyl vinyl ether polymerization is
based on the effect of polymerization conditions on
k-fcm/kp and on end group analysis of polymer, and is
cleavage of the ether bond of the monomer by the
growing ion-pair.
In Chapter 6, cationic polymerizations of j^obutyl
and t-butyl vinyl ethers were carried out to investigate
the electronic and the steric effect of the alkyl group
on the vinyl ether-type monomer transfer reaction. It
was found that with butyl vinyl ether the monomer
transfer reaction is the same as with the methyl vinyl
ether, and the validity of the mechanism of the vinyl
-8-
ether-type monomer transfer reaction was confirmed.
As is seen in the subsequent Chapters, the rate
constant ratios were determined from the molecular
weight of the polymer, and the following conditions
must then be fulfilled: (i) The intrinsic viscosity―
molecular weight equation is available for each polymers
(ii) The relationship between the degree of polymeri-
zation of polymer and the conversion is known, with
special attention to possible chain branching during
polymerization, and (iii) The relationship between
the viscosity average molecular weight, which is in
practise obtainable applying the intrinsic viscosity―
molecular weight equation using the intrinsic viscosity
of unfractionated polymer, and the number average
molecular weight, which is required for the calculation
of the true rate constant, must be known. In Part 3
the properties of polymer were investigated from these
points of view.
In Chapter 7> the intrinsic viscosity―molecular
weight equation of poly-ot-methylstyrene was determined
because it has not been reported anywhere and in this
connection the properties of poly- o£-methylstyrenein
solution were compared with those of polystyrene.
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Further, as benzene-insoluble polymer (partially crystal-
line polymer) was obtained, depending on the poly-
merization conditions, the steric configuration of the
polymer was investigated.
In Chapter 8 the relationship between the degree
of polymerization of polystyrene and conversion was
investigated for various polymerization conditions.
It was found that the degree of polymerization of
polystyrene was constant or decreased with increasing
conversion, depending on polymerization conditions.
And in neither case was increase in molecular weight
due to chain branching observed. But in an exceptional
case, using nitrobenzene as the solvent, a slight in-
crease in molecular weight of polymer with increase
in conversion was observed, and this may indicate chain
branching. The change of the molecular weight dis-
tribution as polymerization proceded was also studied.
In Chapter 9 the weight average (M^), the number
average (Mw)≫ and the viscosity average (Mv) molecular
weights and the molecular weight distribution of poly-
p-methoxystyrene for a variety of polymerization
conditions were determined. The actual %,
Mn and Mv were compared with those calculated from the
-10-
rate constant ratios. Then how the broad-
ening of the molecular weight distribution as poly-
merization proceeds affected calculation of the rate
constant ratio was investigated.
Since some information about the transfer and
termination reactions was obtained here, it was used
to study unsolved problems in cationic polymerization,
one of which is reactivity of carbonium ion. Before
i960, the reactivity of the growing ion had long been
considered to be the same independent of the kind of
monomer. But recently detailed investigations on
cationic copolymerization have afforded evidence of a
difference between reactivities of growing ions.-''' In
Part 4j "thereactivity of the growing ion was estimated
making use of the transfer reaction, and some new
information was obtained about reactivity of the growing
ion.
In Chapter 10, the possibility of estimating re-
activity of the growing ion was considered theoretically.
Comparing the chain transfer constants of two or more
cations for a certain transfer agent, the ratio of
the reactivity of the different kinds of growing
cations was determined, and with styrene derivatives
-11-
it was found that the more reactive monomer gave the
less reactive cation.
In Chapter 11, lowering of the degree of poly-
merization of the copolymer especially in the cationic
copolymerization of isobutene and styrene derivatives
was studied. Comparing the transfer constant ratios
to methanol, it was found that the isobutene cation,
to which resonance stabilization makes a minor con-
tribution, has a higher reactivity than the resonance-
stabilized styrene derivative cations in the cross-
transfer reaction leading to low molecular weight
copolymer. Moreover, the special kind of solvent
effect on the monomer reactivity ratio in the cationic
copolymerization of isobutene and styrene, was explained
in term of the lesser stability of the isobutene cation.
The present investigation, summarized above deals
with the mechanism of the transfer and termination
reactions in cationic polymerization, and the experimental
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Part 2 The Transfer and the Termination Reactions
Chapter 1 o( -Methylstyrene
Section 1.1 The Effect of Solvent on the Degree of
Polymerization of Poly-oC-methylstyrene
1. Introduction
The experimental results on the cationic polymeri-
zation of styrene carried out in our laboratory es-
tablish that high molecular weight polystyrene is obtain-
able in a polar solvent. ' The solvent effect in the
cationic polymerization of oi -methylstyrene has so far
not been completely investigated though oC-methylstyrene
is relatively highly reactive in cationic polymerization.
On the other hand, Schildknechtw has found that
alkyl vinyl ethers, which are highly reactive, can give
a crystalline polymer in low temperature polyphase
polymerization by boron trifluoride etherate. Of
these, methyl vinyl ether, which has a relatively low
reactivity, cannot polymerize in n-hexane but is poly-
merized on addition of a small amount of chloroform*'
or toluene ', that is, by activated polymerization. The
mechanism of the activation, however, has not been
explained.
In this Section, the intrinsic viscosity of poly-
-14-
o<-methylstyxene obtained by low temperature cationic
polymerization in the mixed solvent is discussed.
2. Experimental
2.1 Procedure
The polymerization vessel was four-necked round-
bottled flask equipped with a mercury sealed stirrer ,
as shown in Pig. 1-1. Solvent and monomer were in-
troduced into the fla.skunder a stream of dry air and
Mttianal
Pig. 1-1 The apparatus for polymerization
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cooled with dry ice-methanol. A given amount of catalyst
(boron trifluoride etherate) was added, through the
catalyst inlet, to the precooled solution, and the
polymerization started with agitation under a slight
pressure of dry air. After a given time the polymeri-
zation solution was expelled, by pressure of dry air,
into an excess of ammoniacal methanol. Conversion was
calculated from the weights of the polymerization
solution expelled and polymer precipitated. The
polymer was repeatedly washed with methanol and dried
in a vacuum. When it was required, polymer was dis-
solved in benzene and reprecipitatedby methanol.
Polymerizations at -50°and -20°Cwere carried out in a
thermostatted bath cooled with Freon gas, the temperature
of the bath being kept constant to ±1°C. Polymer was
dissolved in hot benzene and the intrinsic viscosity
was measured at 30 C.
2.2 Reagent
CX-Methylstyrene (Dow Chemical Co.) was washed
with lCf/oaqueous sodium hydroxide solution and water,
dried over K2CO5, and distilled in vacuum twice,
(b.p. 52°C/lOmmHg, n£°C = 1.5378).
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n-Bexane (Guaranteed Reagent) was washed with
concentrated sulfuric acid, water, lOfo aqueous sodium
hydroxide solution, an aqueous alkaline solution of
potassium permangnate, and finally water, dried over
calcium chloride, and distilled from sodium metal,
(b.p. 65.5-66.1°c).
Chloroform (Guaranteed Reagent) was washed with
concentrated sulfuric acid, water, ICffoaqueous sodium
hydroxide solution, and water, dried over phosphorus
pentoxide, and twice distilled from phosphorus pentoxide
just before use. (b.p. 6O.4-6l.O°C).
Methylene chloride (Guaranteed Reagent) was washed
with water, 10^<>aqueous potassium carbonate solution,
and finally water, dried over phosphorus pentoxide,
and twice distilled from phosphorus pentoxide just before
use. (b.p. 39-5-4O°C).
Toluene (Guarantted Reagent) was washed with con-
centrated sulfuric acid, water, ICf/oaqueous sodium
hydroxide solution, and water, dried over calcium
chloride, and distilled from sodium metal, (b.p. 108°C).
Boron triflurodide etherate (Extra Pure) was
distilled into a small ampoule. (b.p. 125°C/76OmmHg).
-17-
3. Results
Unless otherwise stated, toluene, chloroform and
methylene chloride which are good solvents for polymer
and catalyst s and n-hexane, in which polymer and catalyst
are insoluble were used as the polymerization solvent,
boron trifluoride etherate being catalyst.
3-1 Relationship between solvent composition and in-
trinsic viscosity of the polymer
In order to determine the relationship between
solvent composition and intrinsic viscosity of the
polymer, polymerizations were carried out at -78°Cin
a good solvent―non-solvent mixed solvent system, the
monomer concentration being 20 vol.$ (1.54 mole/l).
The relationship between the intrinsic viscosity of
polymer, the appearence of the polymerization system
and the solvent composition is shown in Fig. 1-2.
When n-hexane alone was used as the polymerization
solvent, the added catalyst precipitated immediately.
Polymerization took place at the interface between the
n-hexane and the drops of boron trifluoride etherate,
but the catalyst was soon covered with polymer insoluble
in n-hexane. Hence the polymerization rate and intrinsic









































Fig.1-2 The relationship between the solvent composition and [jf]
of poly-oC-methylstyrene [M] =1.54 mole/L.(=20 vol.$) , -78°C,
BF3.O(C2H5)2 as Toluene -Ji-bexane mixture, [C]=O..O5 mole/l.
b: Chloroform―Ji-hexane mixture, [C]=0.03 mole/l.
c: Methylene chloride―n-bexaie mixture, [C]=0.02 mole/l
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On increasing the ratio good solvent/non-solvent, poly-
merization was initiated either by precipitated or
dissolved catalyst, and polymerization rate and polymer
intrinsic viscosity gradually increased. When the con-
tent of good solvent in the mixed solvent was very
large, all of the added catalyst dissolved homogeneously
and polymerization proceded without precipitation of
polymer. The intrinsic viscosity of the polymer and
the polymerization rate increased greatly, and the former
had the maximum value at a certain solvent composition.
(When toluene was used as the solvent in the combination
with n-hexane, the change of intrinsic viscosity in
the homogeneous system was small.) The solvent composition
at which the intrinsic viscosity of the polymer became
as maximum varied a little with polymerization batch,
but in general was 40-60 vol.c/oof good solvent.
When the polymerization took place in two different
phases, the intrinsic viscosity of the polymer obtained
in the solution part was larger than that obtained in
the precipitation part, as is seen from Table l-i. This
means that the polymer in the precipitation part is not
a fraction of higher molecular weight from the solution
part, but the polymer grown on the surface of precipitated
-20-
catalyst.
Table 1-1 The comparison of [ V ] of polymer obtained
in a homogeneous phase with that obtained































The most interesting thing about the solvent effect
was appearence of a maximum intrinsic viscosity at a
certain solvent composition. In an attempt to clarify
this phenomenon, the polymerization rate was measured in
three kinds of solvent, viz. mixed solvent containing
40, 60, and 8Ofoby volume of good solvents (80 vol.cfogood








































-Fig.1-3 The relationship between polymerization rate and
the solvent composition (~rJ8°0)
s solvent (CgH^.CH^, CHCl^, CH2C12) 40 vol. a/o
s solvent 60 vol. %, (x): solvent 80 vol. io
(O): ent c CH
a s Toluene ―n-hexane mixture fcJ = 0.048 mole/l.
b : Chloroform―n-hexane mixture[ Cj = 0.024 mole/l.
c % Methylene chloride―n-hexajie mixture
[c ] = 0.020 mole/l.
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(20 vol.fo) being monomer.)* In these solvents poly-
merizationproceededh°mogeneously or at least almostly
homogeneously, which is convenient for studying the
polymerization rate.
Fig. 1-5 a, b, c show the time―conversion curve
obtained with the mixed solvents methylene chloride―
n-hexane, chloroform―n-hexane, and toluene―n-hexane.
When methylene chloride or toluene were used as the
good solvent, the polymerization rate reached a maximum
at 60 vol.fo good solvent. When a polar solvent such
as methylene chloride and chloroform was combinated
with n-hexane, the polymerization rate and the effect
of the solvent composition on the polymerization rate
were larger than when toluene was used as the good
solvent in the combination with n-hexane.
The effect of the catalyst concentration on the
polymerization rate was investigated in a certain
solvent. The experimental results are shown in Fig.1-4,
and it was found that at a catalyst concentration
above 0≫024 mole/l., the initial rate of polymerization
increased with increasing catalyst concentration, but
when the catalyst concentration was less than 0.024
mole/l,, the initial rate greatly decreased. This may
-24-
be due to existence of a critical catalyst concentration










Pig.1-4 The dependence of the polymerization rate on
catalyst concentration
Toluene 6Ofo, -rJ8°C [ M ]=1.54 mole/l.
[BF .O(C2H5)2 ] = (o): 0.024 mole/l.
(a)s 0.040 mole/i.(o )s O.O48 mole/l.
(X )s 0.059 mole/l.
The effect of monomer concentration on the poly-
merization rate is shown in Pig. 1-5- It can be said
that the polymerization rate is roughly proportional
to the monomer concentration.
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Fig,1-5 The effect of monomer concentration on the
polymerization rate
Chloroform 60 vol.$, -78°C,[Cl = 0.024 mole/l.
( O )s [M] = 0.77 mole/U A)J [M ]= 1.54 mole/l≫
( x ); CM ] = 2.31 mole/l.
5≫3 Intrinsic viscosity of the polymer
In order to make clear the above-stated relation-
ship between polymer intrinsic viscosity and solvent
composition, the dependence of intrinsic viscosity on
conversion was measured in a few kinds of mixed solvent.
The results are shown in Pig. 1-6 a,t>,c. When the
conversion was less than 40$, the intrinsic viscosity
of the polymer increased with increasing conversion,
"but when conversion reached 40-50$, the intrinsic
viscosity of the polymer remained constant or sometimes
-26-
decreased with increasing conversion.
Fig. 1-6 b shows the reproducibility of the in-
trinsic viscosity. Though the intrinsic viscosity
changed a little with polymerization batch, the re-
producibility was fairly good apropos the present dis-
cussion. As is seen in Fig. 1-6, the polymer intrinsic
viscosity unaffected by solvent composition in the
initial stage of polymerization. But at a later stage
differences between solvent compositions were reflected
in the polymer intrinsic viscosity and this obtained
for all the good solvents.
The experimental results shown in Figs. 1-2, 1-3
and 1-6 were compared with one other in relation to
the solvent composition. As seen from Table 1-2, the
absolute values of the polymerization rate and intrinsic
viscosity vary in different polymerization batches,
but the trends of their relationships to solvent com-
position are always the same. When toluene or chloro-
form was used as a good solvent, the dependence of
polymerization rate on solvent composition resembled











































Fig. 1-6 The relationship between [77] of polymer and
conversion, -78°C
(o)s solvent (toluene, chloroform, methylene
chloride) 40 vol. %
(a)s solvent 60 vol. $>, (x); solvent 80 vol.$
as Toluene―n-hexane mixture
ht Chloroform―n-hexane mixture
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On the other hand, the intrinsic viscosity of the
polymer did not vary regularly with changing monomer
concentration. However, this might be due to comp-
lications such as increase of the polymer concentration
and of viscosity of the polymerization solution as the
polymerizationproceededsince polymerization was carried
out at relatively high monomer concentration ranging
from 10 vol.<foto 30 vol//o. Consequently, the effect of
monomer concentration has to "be studied at monomer con-
centrations below 10 vol.fo.
3≪4 The molecular weight distribution of the polymer
As shown in Fig. 1-6, polymer intrinsic viscosity
sometimes increased with increasing conversion. To find
the reason for this, the resulting polymer was fraction-
ated, and the polymer molecular weight distribution
determined on polymer from polymerization where the
intrinsic viscosity increased with increasing conversion.
The sample was prepared by polymerizing monomer 20 ml.in
chloroform 80 ml.using 0.4 ml.of boron trifluoride
etherate catalyst at -78°C. The relationship between









2.298g. of polymer obtained at 71.6 fo conversion were
dissolved in 500ml.of a mixture of equal volume of
toluene and "benzene, and fractionated into ten fractions
by precipitation fractionation using methanol as the
precipitating agent. The intrinsic viscosity of each
fraction was measured in benzene at 30°C, from which the
molecular weight was calculated using equation (7-3) °f
Chapter 7.
[r＼] = 2.49 x io"4 x m°*647 (1-1)
The molecular weight distribution curve is shown in Fig.1-7
3-5 The effect of the polymerization temperature
Polymerizations of solution containing 20 vol.'foof
monomer were carried out at -50°and -20°Cusing
toluene―n-hexane and chloroform―n-hexane as solvent.
The experimental results are shown in Fig. 1-8. With
increase in polymerization temperature, polymerization
rate increased and intrinsic viscosity of the polymer
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Fig. 1-8 The polymerization of o(.-me thyIs tyre ne at higher
temperatures, [M] = 1≪54 mole/1.
( o )s Dependence of [rj]of polymer on the solvent
composition
( A)s Dependence of the polymerization rate on the
solvent composition
The polymerization rate was expressed as the
yield of polymer g.per one mili 'mole of
catalyst per one hour,
as Chloroform―n-hexane mixture,
[Cj = O.O35-O.1O5 mole/l.
bs Chloroform―n-hexane mixture,
[C] = O.O35-O.O7O mole/l.
c: Toluene―n-hexane mixture,





d: Toluene―-n-hexane mixture, -50 C
[C] = 0.070 mole/l.
-35-
5.6 Solubility of the polymer
Polymers obtained in n-hexane―chloroform mixed
solvent with over 50^ chloroform were insoluble in
benzene at room temperature, while polymers obtained
under other polymerization conditions were soluble in
it. This behavior of the polymer will be discussed in
Chapter 7.
4- Discussion
The experimental results can be summarized into
two parts: (l) The intrinsic viscosity of polymer can
be varied widely by changing only the solvent composition.
(2) When polymerization is carried out at low temperature,
polymerization rate and intrinsic viscosity have maxima
at certain solvent compositions.
Regarding the first of these, it has been recognized
that the molecular weight of polymer can be changed
moderately by changing the dielectric constant of the
solvent. But here a .wide change in intrinsic viscosity
accompanied change of solvent composition. Furthermore,
the intrinsic viscosity of polymer obtained under the
optimum polymerization condition was higher than anything
so far reported for polymerization at -78°C. In order to
-36-
bring about this point, the results obtained by Heiligmann









150 -100 -50 0
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Fig.1-9 The relationship "between[77]of polymer and
polymerization temperature (The comparison with the
result obtained by Heiligmann et al.)
( o ) :[t|] obtained by Heiligmann et al.
(a) s[Jf]obtained in this work
From this Figure, it can be said that the polymer
obtained in the present investigation has an extremely
high intrinsic viscosity, and that the intrinsic viscosity
of the polymers could be varied widely. The relatively
high intrinsic viscosity here obtained corresponds to a
molecular weight over a million, as calculated using
equation (7-3)･
Next9 in an attempt to explain appearence of the
-37-
maximum value of the intrinsic viscosity in the low
temperature polymerization, the polymerization system
was divided into two parts, as follows:―
(1) Heterogeneous part―the part where the intrinsic
viscosity and the polymerization rate increased with
increasing amount of good solvent.
(2) Homogeneous part―the part where the intrinsic
viscosity decreased, attained a maximum value, or re-
mained contant with increasing amount of good solvent.
First of all in the heterogeneous part, when good
solvent is utterly absent, the catalyst added precipitates
and the polymer produced on the catalyst―solvent in-
terface also precipitates and covers the catalyst surface.
Polymerization rate and intrinsic viscosity of the polymer
are therefore low. When an increasing amount of good
solvent was added to this system, the polymer which
covered the catalyst surface was swollen and diffusion
of monomer to the active site thus facilitated. This
effect gives rise to a fast, high-degree polymerization.
When chloroform or methylene chloride is used as a good
solvent, the increase in dielectric constant of the
polymerization system also "brings about fast polymerization.
Furthermore, part of the added catalyst is dissolved
-38-
into the polymerization solvent when a good solvent is
added. Then, both catalyst precipitated and catalyst
dissolved can initiate the polymerization in the separate
phase. In the solution, monomer diffusion takes place
very readily and this brings about increase of the
apparent propagation rate to give a high molecular weight
polymer in fast polymerization. These ideas are supported
by the fact, shown in Table 1-1, that the intrinsic
viscosity of polymer precipitated is lower than that re-
maining in solution. The experimental findings regarding
solvent effect in the present investigation appear to
point essentially to what was found in polymerization
of methyl vinyl ether, viz= activated polymerization,
the important thing being whether a monomer can easily
diffuse to an active site.
Next, with a view to securing explanations for the
behaviors of the polymerization rate and intrinsic
viscosity in a homogeneous system, the experimental
results on them, as observed in mixed solvent containing
over 40 vol.% of good solvent, are summarized in Table
1-3. Complete explanation of all the experimental re-
sults is hardly possible at the present stage. Chain
breaking due to impurities in good solvent may explain
-39-
Table 1-3 Cationic polymerization of <x -methyl-
styrene in a homogeneous system
(Solvent more than 40 vol.c/o)

























what is found. However, even when highly purified solvent
(water content about a mili mole/l.) was used, and two
polymerizations were made, similar results were always
obtained. Further the intrinsic viscosity maximum did not
appear on polymerization at elevated temperatures. Here
appearance of maximum values of the intrinsic viscosity
and polymerization rate are characteristic of low tem-
perature polymerization.
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Since the characteristic behaviors of the intrinsic
viscosity and the polymerization rate were observed in an
apparently homogeneous system, solubility difference can-
not explain the experimental results. Referring again to
Table 1-3≫ changes in intrinsic viscosity and polymeriz-
ation rate are small in toluene―n-hexane mixed solvent,
where dielectric constant of the polymerization system
does not vary with changing solvent composition, but
change was clearly observed in methylene chloride―n-
hexane mixed solvent in which variation of dielectric
constant of the polymerization system is largest.
The change in chloroform―n-hexane
mixed solvent was intermediate between the above two.
on polymer
In view of this, the effects of solvent.intrinsic viscosity
and polymerization rate may be explained in terms of the
solvent dilectric constant.
It has been observed in the polymerization of
styrene that the more polar the solvent, the higher the
molecular weight of the resultant polymer. Comparing the
solvent effect in the present investigation with that in
styrene polymerization-*-), the solvent effect for the
-41-
intrinsic viscosity in the cationic polymerization of oi -
methylstyrene in methylene chloride―n-hexane mixed solvent
was found to be just the reverse of that for styrene poly-
merization. This suggests that the mechanisms of the
termination and transfer reactions in the cationic poly-
merization of q(-methylstyrene are different from those in
the styrene polymerization. However, occurrence of a
maximum for the intrinsic viscosity when chloroform―n-
hexane mixed solvent is used means that termination and
transfer reactions with the same mechanisms as those in
the styrene polymerization can also take place. This
point can be clarified by determination of exact values
of the termination and the transfer reaction constants,
and explanations of the experimental results in the light
of the rate constants will be given in the succeeding
Section.
Finally, increase of intrinsic viscosity as poly-
merization proceeds, especially at the initial stage of the
polymerization, will be discussed. Such behavior was
observed in the polymerization of vinyl ether 5),where
the long life of the propagating species is considered to
be the cause. In the present investigation, a molecular
weight distribution study showed that the polymer produced
-42-
at high conversion did not contain so much low molecular
weight material, even with low intrinsic viscosity at the
initial stage of the polymerization. This is explained
by stepwise propagation of a long-lived propagating species,
instead of production of the extremely high molecular
weight polymer at the later stage of polymerization.
However, loss of the low molecular weight part of the
polymer during the fractionation may be also a reason for
the molecular weight distribution here observed.
To summarize, the present investigation showed
that in low temperature cationic polymerization of a -
methylstyrene, the intrinsic viscosity of polymer can be
varied widely and arbitrarily by changing the solvent
composition, and that the modes of the variation of in-
trinsic viscosity and polymerization rate depend on solvent
dielectric constant.
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Section 1.2 The Rate Constant Ratios of the Monomer
Transfer Reaction and Unimolecular
Termination Reaction
1. Introduction
When o<-methylstyrene was polymerized by boron
trifluoride etherate in various kinds of mixed solvents,
the characteristic behavior of the intrinsic viscosity
and the polymerization ,rate in relationship to solvent
nature described in Section 1.1 was observed.
In cationic polymerization, the nature of the growing
ion-pair, consisting of growing carbonium ion plus the
anionic moiety of the catalyst, affects each of the ele-
mentary reactions. It has been qualitatively recognized
from the measurement of polymerization rate and intrinsic
viscosity of the polymer that the nature of the growing
ion-pair is determined by the natures of the solvent,
monomer, and catalyst. Previously a quantitative study has
been made in our laboratory on the effects of catalyst
and solvent on the termination and the transfer constant
ratios in cationic polymerization of styrene at around
room temperature / and it is the only quantitative in-
vestigation so far reported.
Clarifying the features characteristic of cationic
polymerization generally involves knowing the behavior
of the growing ion-pair. In the present investigations
the termination and the transfer constant ratios were
therefore determined for several polymerization conditions.
Assuming that the change in rate constant ratio is due to
variation in the nature of the growing ion-pair, the
effect of polymerization conditions on the nature of the
growing ion-pair was deduced from the experimental results
on the rate constant ratios. Furthermore, in the following
series of investigations the rate constant ratios were
measured for several kinds of monomers, and the effects
of the nature of the growing ion-pair were compared.
In this Section, cationic polymerization of o(-
methylstyrene was carried out by "boron trifluoride etherate
in a variety of solvents, and the rate constant ratios
were calculated from the degree of polymerization of the resul-
tant polymer, enabling the role of the solvent to be studied.
The monomer transfer reaction, solvent transfer
reaction, and unimolecular termination reaction will now
be defined. The monomer transfer reaction is the chain
breaking reaction in the activated state in which one
molecule of the growing chain and one molecule of monomer
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participate. The solvent transfer reaction is similarly
the chain breaking reaction where one molecule of growing
chain and one molecule of solvent participate in the
activated state. These two reactions are called the
transfer reaction, without strict distinction between the
transfer reaction and the termination one. On the other
hand, the unimolecular termination reaction means the
chain breaking reaction in which only one molecule of
the groF/ing chain participates in the activated state,
and similarly there is no distinction between termination
and transfer reaction. From a technical reason, in the
kinetic treatment of the degree of polymerization, reaction
between a growing cation and impurity (for example, water)
is sometimes included in the term unimolecular termination
reaction or solvent transfer reaction.
2. Experimental
2.1 Reagents




Monomer and solvent were introduced into a 100 ml.
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flask equipped with a long calcium chloride tube and a
catalyst inlet, and cooled in a thermostatted low tem-
perature bath. Polymerization was started by adding a
given amount of catalyst through the inlet. Stopping
polymerization and subsequent treatment of the polymer
were described in Section 1.1.
2.2.2 The measurement of dielectric constant
The dielectric constant of <X-methylstyrene was
measured using high frequency Wheatstone bridge. ' Di-
electric constants of n-hexane, chloroform, and methylene
chloride v?ere taken from Morgan's data.5) The dielectric
constant of toluene was taken from Isnardi's data.^>
To calculate the dielectric constant of mixed solvent
from the dielectric constants of the pure solvents, Debye'-s
equation was used for a mixture of two non-polar solvents,
and Onsager's equation was used for a mixture containing
a polar solvent.5) Such physical constants as specific
gravity and refractive index, which are necessary for the
calculation, were obtained from the literature.6) When
the temperature range used in the present investigation
was beyond that of the literature, extrapolation was re-
sorted to.
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2.3 Determination of molecular weight
In Chapter 7 the relationship between the intrinsic
viscosity of the polymer in benzene at 30 C and its
molecular weight as determined by osmotic pressure measure-
ment was reported for a fractionated sample of poly-ctf-
methylstyrene polymerized under the present conditions
to be given by:―
[r[] = 2.49 x 10"4 xinO<65 (1-2)
This equation holds for molecular weights from 10-5to
10 , and therefore for polymers obtained at -50 and
o
-70 C. On the other hand, for low molecular weight polymer
obtained at -20°C, the intrinsic viscosity―molecular
7)weight relationship reported by Bywater et al.(/ was
used: ―
[ n J = 0.0105 + 1.787 x 10"5 x Mn (1-3)
In the present investigation, the polymer molecular
weight was calculated by substituting in equations (1-2)
and (1-5) "fcneintrinsic viscosity of unfractionated
material. The molecular weight thus calculated is not
the true number average moleculax weight, consequently
the rate constant ratio calculated using this molecular
weight is not a true rate constant but a modified rate
-49-
constant ratio. According to the Flory's theory, in the
case of "most probable distribution" polymer, the ratio
of the number average molecular weight (Mh) to the vis-
cosity average molecular weight (My) is Is [(l+a) | (l+a) |
where a is given by the equation ＼_t[J= Kly ･ Assuming
"most probable distribution" for poly-o( -methylstyrene
obtained in the present investigation, the molecular weight
calculated by equation (1-2) or (1-3) using the intrinsic
viscosity of unfractionated sample is always [(l+a)j(l+a)j
times Mn≪ If a is assumed to be O.65, then ＼%ris always
1.84 times M^. Therefore, provided that the condition
that the molecular weight distribution of the polymer is
always the same is satisfied, it does not matter if the
rate constant ratios calculated from Mv are compared.
However, a more detailed consideration seems to be important
and it will be given in Chapter 9.
The variation of polymer intrinsic viscosity with
conversion is also important. It is observed more clearly
in low temperature polymerization which gives high molecular
weight polymer.But when polymerizations were carried out
at -78°Cin toluene―n-hexane , chloroform―n-hexane or
methylene chloride―n-hexane (all homogeneous systems),
there was increase in intrinsic viscosity with increasing
-50-
conversion only in the initial stage of the polymerization
and little change after conversion reached about 3&/°-
This was described in Section 1.1. Since the same is
also supposed hold for polymerizations at -50°and -20°C,
the intrinsic viscosity of polymer obtained at over JQffo
conversion was measured.
3. Determination of the rate constant ratio.
3.1 Method of calculating the rate constant ratio
The elementary reactions in the present polymeriza-
tion are given by equations (l-4)-(l-9)> where * means the
activated state, and C, M, S, S1 , S" and X represent
catalyst, monomer, toluene, chloroform or methylene chlo-
ride, n-hexane and impurity, respectively, ki, kp, ktm≫
k-j;,kts, k'tg1, k-kg", and ktx denote the rate constants of
initiation, propagation, monomer transfer, unimolecular
termination, chain transfer to solvent S, solvent S1,





















Mn + M* (1-6)




M* + X Un
(1-8)
(1-9)
As stated previously, for the convenience in calcul-
ation, reaction (l-9) is sometimes included in reaction
(1-8). In this case, the unimolecular termination constant
is represented by kt' , (kt' = kt + ktx-tX.l).
From these equations, the reciprocal of the degree
of polymerization is calculated thus:
l/p = ktm/kp+ktsCs)/kp[M] +kts'[SI!/kp[M]+kts"[S"J /
kp[M] + kt'Ap [M] (1-10)
Plotting the reciprocal of the degree of polymeriz-
ation against solvent or monomer concentration, the rate
constant ratio can "becalculated.
The volume of the polymerization solution was kept
constant at 50 ml. and the monomer concentration was
varied over a range 2 vol.^ (0*154 mole/l.) to 20 vol.$
(1.54 mole/l.)s catalyst concentration was varied from
0.016 to 0.158 mole/l. The reason for using the above
monomer concentration range was stated previously, too
high a monomer concentration (more than 20 vol.^6) entails
various complexities. Polymerizations were carried out
at -20°, -50°and -70°C. The following solvent systems
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were useds n-hexane, toluene, chloroform, methylene chlo-
ride, toluene― n-hexane(euqal volumes), chloroform―n-
hexane (equal volumes), and methylene chloride―n-hexane
(equal volumes). Polymerizations were carried out for
various monomer concentrations: to avoid change of dielect-
ric constant and homogenity (or heterogenity) of the
polymerization solution consequent upon change of monomer
concentration, an appropriate amount of toluene was added
to the solution as the monomer concentration was reduced.
Equation (1-10) has to be modified according to the
kind of solvent. Below each case will be treated separately
3.1.1 Toluene
Change of concentration of monomer in toluene does
not cause the change in dielectric constant of the poly-
merization solution, because there is little difference
between the dielectric constants of monomer and toluene.
In equation (1-10), [ S1 ] =[S" ] = 0. Furthermore,
accepting Plesch1 s view-?/ that the unimolecular termination
reaction can not occur energetically in a solvent of such
low dielectric constant, k'tis zero, giving equation
(1-11).
i/p ≪ ktm/kp + kts [ sj /kp [m]
-53-
(1-11)
The reaction with any impurity present, (k-tx [XI ), is
included in the k-^g tS ] term. Plotting l/p against
[S ] /[Mj , the slope and the intercept of the straight
line give respectively k-ts/kp and ktm/kp.
3≪1.2Equal volume mixed solventof toluene and n-hexane
As n~hexane is not a solvent for polymer and catalyst,
20 ml.of n-hexane were always used, and the monomer con-
centration was reduced by adding the right amount of
toluene. Then, [s(] = 0 in equation (1-10), giving equa-
tion (1-12).
1/P = ktm/kp + kts[Sl/kp[M] + kts≫[S")Ap[M] +
kt'ApfM] (1-12)
Equation (1-12) was modified as in polymerization of
styrene , to give equation (l-13).
l/p = (ktnAp - bktsAp) + (aVktsAp +
ktrAp)/[M] (1-15)
where;
kt' = kt + kts"[S"] + ktx[X]
!.S"] = constant (40 vol.$ of n-hexane)
a = 1000 dg/Ws b = ds.Wm/dm.Wg
ds and dm are the specific gravity of toluene and
monomer, respectively.
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Ws and Wm are the molecular weights of toluene and
monomer, respectively.
7 = Vs + Vm = 0.2
Vs and Vm are the volume fraction of toluene and
monomer, respectively.
In equation (l-13)≫ k-tg/kuis the rate constant ratio
for chain transfer to toluene. If k^g/kp is always con-
stant independent of solvent dielectric constant ',
k-tsAp obtained in equation (l-ll) can be used in equation
(1-13), too. Then by plotting l/p against 1 / [H3, ktm/kp
and k-fc'/kpare determined.
3-1.3 Chloroform, methylene chloride, and n-hexane
40 ml.of each solvent were used with monomer and
toluene. The monomer concentration was reduced by adding
the right amount of toluene, when equation (l-13) holds.
But when chloroform or methylene chloride is used,
kt1 = kt + kts'ts1] + kfcx[X.J
3.1.4 Equal volume mixtures of chloroform and n-hexane
and methylene chloride and n-hexane as the solvents.
20 ml.of chloroform or methylene chloride and 20 ml.
of n-hexane were used with toluene and monomer. The
monomer concentration was varied keeping the total volume
of monomer plus toluene equal to 10 ml. Then too equation
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(1-13) holds, but kt1 = kt + kts'fS1] + kts"[S"] + ktx[xJ-
For all polymerization systems, the logarithm of the
rate constant ratio was plotted against the reciprocal of
the absolute temperature, and the activation energy and
activation entropy differences were calculated. Extrapolat-
ing to -78°Cthe straight line plot of the logarithm of
rate constant ratio against reciprocal of absolute tem-
perature gave the rate constant ratio at that temperature.
3.2 Experimental results
Figs. 1-10 and 1-11 exemplify determination of the








Fig. 1-10 The determination of the rate constant ratios
by plotting l/p against [S]/{M]
Solvent; Toluene, -JO°C, ktm/kp = 1.22 x 10~4,












Fig.1-11 The determination of the rate constant ratios
by plotting l/P against l/fM J
Q
Solvent: Methylene chloride ―n-hexane , -70 C,
kt'Ap = 1.21 x 10-4 ktm/v = 1.26 x 10-4
Polymerizations were carried out in each solvent
using four to six different monomer concentrations. The
polymer degree of polymerization for each initial monomer
concentration gave a linear plot which afforded rate con-
stant ratios. Polymerizations in the same solvent were
carried out at three different temperatures. Activation
energy and activation entropy differences were found from
Fig. 1-12.
Similar experiments were carried out in seven different




-P U Om -p +5
O d) TJO
O Q)O







































Ifi ft h> O CD'―v



































































































-p -p -p -p







































































Arrhenius' plot of the rate constant ratio
ktm/kp in toluene,
Etm-Ep =9-1 -Kcal/mol, Stm-Sp = 26-9 EU
4≪ Discussion
4.1 Explanation in terms of rate constant ratio of the
changes in polymerization rate and polymer intrinsic
viscosity accompanying change of the solvent in
cationic polymerization of ot-methylstyrene
The experimental results in the cationic polymeri-
zation of oC-methylstyrene carried out with a 20 vol.$
initial monomer concentration, were described in Section
1.1., and these results have to be satisfactorily explained
in accordance with the rate constant ratio here found
when changing the monomer concentration.
-59-
4-1.1 n-Hexane
At all temperatures from -20°to -78°C, the rate
constant ratios for this solvent were extremely large
compared with those for other solvents. This falls into
lina with the very low molecular weight of the polymer
produced in this solvent.
4.1.2 Toluene―n-hexane mixed solvent
At equal temperatures, ktm/kp in toluene was almost
the same as that for equal volume of toluene―-n-hexane.
Furthermore, k-tsfSl/kp for toluene was almost the same as
kt'Ap in "theabove mixed solvent at the same temperature.
Since both reactions determining the molecular weight of
polymer are insensitive to the change of solvent, the in-
trinsic viscosity of polymer obtained with a monomer con-
centration of 20 vol.% in toluene would be expected to be
almost the same as that with the toluene―-n-hexane mixture,
and this was found to be the case (Fig. l-2a, l-8c, l-8d).
Equation (1-14) for polymerization rate is deduced
from equations (l-4)-(l-9), assuming a steady state:―
Rp = Vki*(cHM]2At (1-14)
If [Mj (20 srol.'fo)and [C] are constant, Rp depends on
ki.kp/kt. In the present solvent system, the dielectric
-60-
constant of the system does not change with change in
solvent composition (see Table 1-5). And the rate con-
stant kj/lcp/k-t;,too, is not affected by change in solvent
composition. This leads to a polymerization rate insensi-
tive to solvent composition, as shown in Section 1.1
(Figs. l-3a, l-8a, l-8c).
4≫1≪5Chloroform―n-hexane mixed solvent
With a solvent of higher dielectric constant
(chloroform only), ktn/^p was smaller and kt'/kp larger
over the temperature range -20° to -78°C. If k^1 is
determined mainly by k-t(and this is probable), the depen-
dency of k'^'/kp on the solvent dielectric constant is in
good agreement with the result in the styrene polymeriz-
ation.-^ Calculating the molecular weight of polymer
polymerized with an initial monomer concentration of 20
vol.c/ousing the rate constant ratio in Table 1-4> the
intrinsic viscosity of polymer produced in chloroform was
found to be slightly larger than that in chloroform―n-
hexane mixed solvent for all temperatures from -20°to
-78°C. And this is in good agreement with the experi-
mental results of Section 1.1 (Figs. l-2b, l-8a, l-8b).
However, the appearance of a maximum intrinsic vis-
cosity in chloroform―n-hexane mixed solvent cannot be
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explained by the rate constant ratios of Table 1-4, as
the rate constant ratio for chloroform 755&―n-hexane"25$
is lacking. This will be discussed later in greater detail.
Regarding polymerization rate, among the rate constants
determining it, k^ and k-fcare supposed to be more sen-
sitive to the variation of the solvent dielectric constant
than is kp. If it is assumed that k^ increases more
rapidly than kt with increase of solvent dielectric con-
stant, the experimental result at -20°C(Fig. l-8a) can be
explained. If the reverse is assumed, the experimental
result at -50°C(Fig- l-8b) can be explained. However,
neither explains the presence of a maximum polymerization
rate at a certain solvent composition (chloroform 75 vol.5^).
This may be due to a different dielectric constant de-
pendence of ki and kfc.
4-l≪4 Methylene chloride―n-hexane mixed solvent
Over the range -20 C to -78 C, both ktmAp an^
k^'/kp were larger in a solvent of higher dielectric
constant (methylene chloride). Therefore, when poly-
merization is carried out in the mixed solvent system, the
intrinsic viscosity of polymer should decrease with in-
creasing amount of methylene chloride independently of
the monomer concentration at all temperatures, and this
-62-
was found to be the case (Fig. l-2c).
Regarding polymerization rate, in a solvent as polar
as methylene chloride, it is safe to assume that k:iin-
creases much more than k^, and this should lead to higher
polymerization rate in methylene chloride than in the
mixed solvent (Fig. l-3c), which is what is fottnd.
4.2 Relationship between solvent dielectric constant and
rate constant ratio
It has been observed in the cationic polymerization
of styrene-W at room temperature that with increasing
dielectric constant of solvent the monomer transfer re-
action is suppressed and the unimolecular termination re-
action is favored. In the present investigation the rate
constant ratios listed in Table 1-4 were obtained, whence
it was found that the relationship observed in the styrene
polymerization did not hold in the Od-methylstyrene poly-
merization, especially in respect of k-fcm/kpin solvents
of higher dielectric constant. It is, therefore, necessary
to discuss the rate constant ratio in relation to dielect-
ric constant of solvent. Dielectric constants of solvent
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4-2.1 Relationship between k-fcm/kpand the solvent
composition
When k-kjj/kpwas plotted against the solvent com-
position, Fig. 1-13 a, b, c were obtained.
There, the left half containing over 5<j/on-hexane
is the heterogeneous part, where the precipitation of
catalyst and polymer occurred.
The following points emerged from Fig. 1-12:
(1) With over 50$ n-hexane content in the mixed solvent,
the monomer transfer reaction occurs very easily.
Since the dielectric constant of n-hexane is very
low, as was deduced from the experimental results
on the styrene polymerization, the lack of the sol-
vation of the growing ion-pair gives a large k-(;m/kp.
(2) In spite of its relatively low dielectric constant,
toluene gives a small ktm/^p ･ This is due to
effective solvation of the growing ion-pair by the
phenyl group rich in %-electron. It seems as
effective as solvation by a solvent of high diele-
ctric constant.
(3) The curves for methylene chloride―n-hexane have
a minimum value at 50-50 vol.^o. In other words, a






















% Toluene―n-hexane mixture, [M] = 20 vol.56
% Chloroform―-n-texane mixture, [Mj = 20 vol.$
s Methylene chloride―n-hexane mixture ,
CM] = 20 vol.fo




















solvent composition is possible with this combination,
and subsequently the nature of the growing ion-pair
can be varied widely, a certain degree of polarization
being imparted to the ion-pair ; where the monomer
transfer reaction takes place with most difficulty.
Applying this idea to the chloroform―n-hexane mix-
ture , there may be a minimum in the curve of Fig.
1-13 c If there is, the appearence of a maximum
intrinsic viscosity with it can be explained by the
operation of the two effects.
As implied above, discussion of the monomer transfer
reaction in terms of degree of polarization of the grow-
ing ion-pair is very important. In an attempt at elu-
cidation, ktm/kp was plotted against solvent dielectric
constant (Fig. 1-14)≪
In view of the above-mentioned exceptional property
of toluene, plotting was done only for aliphatic solvents.
It is observed that the minimum value of ktm/kp is at
dielectric constant ca. 6, independent of polymerization
temperature. This corresponds to the intrinsic viscosity
of polymer obtained at -78°Cbecoming a maximum with 50-
50 vol.^ of methylene chloride--.n-hexane or in the chloro-















Pig.1-14 The dependence of k+m/kp on dielectric constant
(O): -20°C, n = 2 (a): -50°C, n = 3,
(o): -70°c, n = 4 (x)s -78°C
reason for this experimental finding will be discussed later≫
In Fig. 1-14> the behavior of k^jj/kp in solvent of
dielectric constant less than 6 is the same as was found
for styrene polymerization. ' "Ehis suggests occurrence
of a monomer transfer reaction having the same mechanism
that of styrene polymerization in d!-methylstrene
polymerization in solvent of dielectric constant less
than 6. The nature of the monomer transfer reaction in
































Fig. 1-15 The relationship between k^'/lv, and the solvent
composition
( d)s Toluene―n-hexane mixture, [M] = 20 vol.c/o
(o)t Chloroform―n-hexane mixture; [Mj = 20 vol.Jo
(a): Methylene c'hloride―n-hexane mixture, [Mj = 20 vol.fo
as -20°C, bs -50°C, ci -70°C
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in detail later.
4.2.2 The relationship between k-t'/kp and solvent
composition
As in 4*2.1, k-fc'/kpwas plotted against solvent com-
position and gave Pig. 1-15 &? b, c.
Prom Pig. 1-15 the following points emerged:―
(l) k-fc'/kpwas large in the n-hexane-rich part. The
styrene polymerization showed that a unimolecular termina-
tion reaction can scarcely occur in a solvent of low di-
electric constant, such as n-hexane. In order to ex-
plain this contradiction, loss of activity of the
grooving ion by precipitation was assumed as the chain
breaking reaction without participation of monomer.
Consequently, the k^' term in n-hexane includes the
precipitation effect and is, therefore, large in spite
of low dielectric constant. Table 1-4 shows that
( E,' - %) and ( S ' - S ) in n-hexane are very small
compared with those in other solvents, and that the
nature of kfc'is also different. Furthermore, the
expectation that the precipitation effect will be enha-
nced at lower temperature was fulfilled since the
difference between kt'/kp in n-hexane and kt'/kp in
other solvents increased with decreasing temperature.
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These findings support the precipitation explanation.
(2) k-j-'/kpwas large in methylene chloride-rich solvents
if one admits the assumption that k^.' consists mainly
of k-t, this trend of k-^'/kj,accords well with the view
that increase of dielectric constant facilitates uni-
molecular termination. In order to elucidate this
point further, k^'/k- was plotted against dielectric
constant of solvent (Fig. l-llo).
As stated above, n-hexane which shows an abnormal
effect was omitted in this plot. In Fig. 1-16 k-t'/fcp


















123456 789 10H 12
Dielectric constnat
Pig.1-16 The dependence of k^'/kp on dielectric constant
(O): -200C, n=2 (A): -50°C, n=3 (d): -70°C, n=4
( x): -78°c -73-
rose above 6, and readiness with which the unimolecular
termination in a polar solvent occurs was confirmed. On
the other hand, k^ '/kp tends to converge to a low value
at low solvent dielectric constant. This supports the
assumption made in calculating the rate constant, that k^
can be neglected in toluene having a low dielectric con-
stant and not causing any special effect such as pre-
cipitation.
A discussion regarding activation energy and activa-
tion entropy in relation to solvent is essentially bound
up with polymerization, but it would be premature to
enter into a discussion here.
To sum up, the present investigation established that
in cationic polymerization of o£-methylstyrene the rate
constant ratio could be calculated from the degree of
polymerization of polymer on an assumption that k^. is
zero in a solvent which giving a homogeneous polymerization
and of low dielectric constant. The rate constant ratios
obtained were plotted against solvent dielectric constant
and it was found that k^/k,, was a minimum at dielectric
constant about 6, and that k-^'/kpbecame small in solvents
of dielectric constant below 6 and became large at
dielectric constant over 6. These tendencies were found
-74-
at all four temperatures used. These results suggest that
the nature of the growing ion-pair is profoundly affected
by the variation in solvent dielectric constant.
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There have been many studies of cationic polymeriza-
tion of isobutene ', and the polymerization kinetics and
polymer structure have been elucidated. The author tried
to obtain some information about the relationship between
elementary reactions in cationic polymerization e.g.,
nature of the growing ion-pair, and the polymerization
conditions, from the degree of polymerization, and the
experimental results for o<-methylstyrene was given in
Chapter 1. Of the many investigations relating to iso-
butene, few have been carried out for the above purpose,
Chapter 1 gave experimental results suggesting that the
monomer transfer reaction in oi-methylstyrene polymeriz-
ation is partly the same as and partly different to that
found in styrene polymerization. Since (X -methylstyrene
resembles in structure both styrene and isobutene, it is
very interesting to study the effect of nature of the
growing ion-pair on the polymerizations of isobutene,
styrene and o(-methylstyrene.
In this Chapter, the effect of the growing ion-pair
of isobutene on the elementary reactions was investigated
using the degree of polymerization of the resultant
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polyisotmtene, and the correspondence of the elementary
reactions to the end group of the polymer was investigated.
Furthermore, the results for isobutene polymerization were
compared with those for other monomers, and the mechanisms
of the monomer transfer and unimolecular termination re-
actions were discussed. In Chapter 1, the role of solvent
in the cationic polymerization of o(-methylstyrene was
studied, while in this Chapter the role of the catalyst,
in addition to the solvent effect, was studied and the




Isobutene (Phillips, purity 99-3 wt.$) was distilled
from a cylinder at room temperature, dehydrated through a
long potassium hydroxide tube, and condensed into a buret
precooled to -78°C. A given amount of isobutene was
taken from the buret.
Methylene chloride, chloroform, and n-hexane were
used as polymerization solvents. The purification methods
were described in Chapter 1.
Titanium tetrachl6ride (Extra pure) was distilled
-78-
into a small glass ampoule, which was "broken in the
polymerization solution to initiate the polymerization
(b.p. 136°C/76OmmHg).
Stannic chloride (Extra pure) was distilled from
phosphorus pentoxide into a small glass ampoule, which
was broken in the polymerization solution to initiate
polymerization (b.p. 111.6-111.8°C).




40 ml.of solvent was introduced into a 100 ml.flask
equipped with a long calcium chloride tube and a catalyst
inlet. When co-catalyst was used, it was added to the
solvent prior to addition of the catalyst. The flask
was cooled to about -20 C, and isobutene cooled to -78°C
was added from the buret. In order to compensate for the
change in dielectric constant of the polymerization solu-
tion due to variation of monomer concentration, the
concentration of monomer was reduced by adding the right
amount of n-hexane. The polymerization solution thus
prepared was cooled to the requisite temperature and the
catalyst added to initiate the polymerization. In the
-79-
present polymerizations, the water content was found to
be a few m mole/l. Polymerization was effected in a
thermostatted low temperature bath. As in the rk -methyl-
styrene polymerization, the polymerization was stopped
when conversion exceeded ^Ofo. The treatment of the
polymer was described in Chapter 1.
2.2.2 Bromination
TTnsaturation in the polymer was determined by bromi-
nation. A carbon tetrachloride solution of the polymer
of known concentration was first prepared. To this a
carbon tetrachloride solution of bromine of known con-
centration was added. After the mixture had stored four
hours, ''*' potassium iodide was added to give iodine in
place of the unreacted bromine. Aqueous sodium thiosul-
fate solution of known concentration was added in slight
excess. The unreacted sodium thiosulfate was titrated
with aqueous iodine-potassium iodide solution which was
previously standardized against aqueous sodium thiosulfate
solution. Calculation gave the numbers of double bonds
in the polymer.
2.2.3 Infrared spectrum
A potassium bromide plate was made from exhaustively
dehydrated potassium bromide, and a carbon disulfide
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solution of the polyisobutene run on to it. The carbon
disulfide was evaporated giving a thin polymer film-on-
potassium bromide disk. After storing the film for a
long time in a vacuum, it was subjected to infrared
analysis using a Shimadzu IR-27 spectrometer.
2.3 Determination of the degree of polymerization and
calculation of the rate constant ratio
Toluene was used as the solvent with most of poly-
isobutenes and the intrinsic viscosity of the resultant
solution was measured at 30°C. The molecular weight'
of the polyisobutene was calculated using equation
(2-1).4)
[if] = 2.0 x 10~4 x Mn°*67 (Mh = 7 -1300 x 105) (2-1)
o
Low molecular weight polyisobutene obtained at -20 C by
using stannic chlorite―trichloroacetic acid as the catalyst
was dissolved in benzene and the intrinsic viscosity was
determined at J>0C. The molecular weight of the polymer
/ ＼4)was calculated using equation (2-2).
[77) = 6.1 x 10~4 x Mn (Mn = 1- 1300 x 105) (2-2)
From the molecular weight of polymer calculated by
equations (2-l) and (2-2), the rate constant ratios were
-m _
determined, as for cA-methylstyrene polymerization. In.
the cationic polymerization using the solvent mentioned
above, the chain transfer reaction to solvent may reason-
ably be neglected. Then equation (2-3) was derived for
the relationship between the degree of polymerization and
the initial monomer concentration, where k-t･ = k-t +
k+o tXJ + k+q [Si i.e.: ―
Vp =ktm.Ap +kt'/ip. iAmj (2-3)
k-j-' containing the term for reactions with impurity and
with solvent, if present, as well as for the unimolecular
termination reaction. It was previously stated that in
the polymerization of styrene k. is considered to be very
small for non-polar solvents.5) If this also holds for
polymerization of isobutene in n-hexane, equation (2-3)
will become^―
l/p = ktm/kp + kts/kp-CsJ/CM] (2-y)
When polymerization is carried out in a polar solvent
such as methylene chloride (methylene chloride 40 ml.,
monomer + n-hexane 10 ml.), k^. can no longer be neglected,
and equation (1-12) should apply. The chain transfer
constant ratio for n-hexane ( k^/le) was determined using
equation (2-51), and introduced into equation (l-12).
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This attempted evaluation failed because k-^'/kp in methy-
lene chloride was found to be negative, which was absurd.
Hence instead of the chain transfer reaction to n-hexane,
the unimolecular termination reaction term was assumed
to predominate in k-fc･, i.e., equation (2-3) was used
instead of equation (2-3')･
Plotting the reciprocals of degree of polymerization
against the reciprocals of initial monomer concentration,
the rate constant ratios were calculated, by equation
J>. Results
3.1 The appearence of the polymerization system
The polymerization system had a pale yellow color
when titanium tetrachloride was used as the catalyst,
"but was colorless when stannic chloride was used.
All of solvents used dissolved the catalyst to give
homogeneous solutions. But sometimes in polymerization
in methylene chloride, polymer formed around the catalyst
immediately after the latter was added, covering it.
Polyisobutene did not dissolve in methylene chloride.
In polymerization at -20°C,low molecular weight poly-
isobutene precipitated as a jelly, but in polymerization
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at -78 c, the high molecular weight polyisobutene pre-
cipitated as a white mass.
Polymerization can usually attain 10Q$ conversion.
3≪2 Polymerization rate
In order to compare the dependency of the over-all
polymerization rate on polymerization conditions, the
conversion per unit m mole of catalyst per hour was
calculated. The results are shown in Table 2-1 where the
polymerization rate is an average one for 80-9C$ conver-
sion. Conversion was but slightly affected by initial
monomer concentration, and Table 2-1 gives results for
polymerization with the initial monomer concentration of
0.23 mole/l.(2 vol.fo).
Co-catalyst was added to keep the catalyst/co-catalyst
ratio 3-4･
Table 2-1 shows that the polymerization rate was much
higher when polymerization was initiated by titanium
tetrachloride than when initiated by stannic chloride,
and that trichloroacetic acid had an accelerating effect.
For discussion of the effect of solvent, dielectric
constants of the solvents ' at various temperatures are
given in Table 2-2.
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Table 2-1 The average reaction rate in the isobutene
polymerization (fo/m mole catalyst/hr. )
CM30 = 0.23 mole/L. [catalyst]/CTCA3 = 3-4
Catalyst TiCl4 TiCl^'TCA SnClz-TCA
Temp.(°C)
















































Tables 2-1 and 2-2, show that the polymerization
rate in non-polar n-hexane was smaller than in a polar
solvent. Though the polymerization rate in methylene
chloride was unexpectedly small because of polymer pre-
cipitation, the polymerization rate was in general larger
in a more polar solvent.
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Over the temperature range used in the present
investigation, the general tendency for polymerization
rate to increase at higher temperature was not observed.
PlescbJ/ observed an unusual effect of temperature on
rate in cationic polymerization of isobutene: rate of
polymerization of isobutene by titanium tetrachloride was
a minimum at -50°C. He considered that lowering the
temperature decreases the positive over-all activation
energy and hence the total rate, while increasing the
dielectric constant of the solvent with consequent in-
crease in over-all polymerization rate. Below -50°C, the
later effect predominates and the over-all polymerization
rate has a negative activation energy. Table 2-1 shows
the higher rate at lower temperatures in the present case.
But the behavior of the polymerization rate, especially
in polymerization at -78°C,is not quite identical with
that reported by Plesch. However, allowing for a cut in
polymerization rate at -78°Cdue to precipitation of
polymer Plesch1s mechanism satisfactorily explains the
present results.
5≪3 Degree of polymerization
Keeping the monomer concentration constant at 2.29
mole/l.(20 vol.$), the effects of catalyst and solvent on
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polymer intrinsic viscosity were studied. As seen from
Fig- 2-1 a, b, c, a solvent effect was scarecely observed
when stannic chloride―trichloroacetic acid was used as
the catalyst (the degree of polymerization of the polymer
was low), but it was clearly marked when titanium tetra-
chloride was employed. It was also found that the more
polar the solvent, the lower the intrinsic viscosity of
the polymer. This is in accord with the experimental re-
sults obtained in <A-methylstyrene polymerization Yfith
solvent of dielectric constant above 6, but the reverse
of what obtained in styrene polymerization. '
3.4 Relationship between polymerization conditions and
the rate constant ratio
In order to ascertain the relationship between the
nature of the growing ion-pair and the rate constant ratio,
isobutene was polymerized at various monomer concentrations
under twenty seven different conditions (three temperatures,
three solvents, three catalysts). In each polymerization,
the rate constant ratio was found using equation (2-3)
Pig. 2-2 a, b, c. shows examples:―
The logarithms of the rate constant ratios were
plotted against the reciprocals of the absolute temperatures





































Fig, 2-1 The relationship between the intrinsic viscosities of
polyisotmtene arid the dielectic constants of
polymerization solvents
): TiCl, catalyst, [TiCl^J = 0.003-0.048 mole/l.
): TiCl/'TCA catalyst, [TiCl/] = O.OO5-O.OO8 mole/l.
[TiClJ/CTCA] =3-4
(x)g SnCl4.TCA catalyst, [SnCl^] = 0.023-0.O36 mole/l.
[SnCli/[TCAj = 3-4































































5-5 ･ ･ ･ 5
i/t x io3
Fig. 2-3 The estimation of the activation energy-
differences using Arrhenius' plot
n-CgHi4―TiCl4^TCA system
Complete results are summarized in Table 2-3-
3.5 Bromination of polymer
Determination of the number of double bonds by bro-
mination was carried out on polymers obtained under dif-
ferent conditions. The results are given in Table 2-4.
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Table 2-J Summary of the reaction rate constant ratios(xlO ^)


































































































Table 2-4 The relationship between the polymerization
conditions and the numbers of double bond in a
polymer molecule
Polymerization conditions The numbers of double


























To calculate the number of double bonds, it is neces-
sary to know the true molecular weight. As in the present
investigation the intrinsic viscosity was determined on un-
fractionated samples, the viscosity average molecular weight
was obtained instead of the number average molecular weight,
leading to a larger number of double bonds. Furthermore,
part of the bromine reacted may be consumed in side reac-
tions e.g.,in substitution. ' This again leads to a larger
number of double bonds. Though these difficulties are
inherent in the procedure, comparative values of the number
-92-
of double bonds may be valid. Table 2-4 shows that the
polyisobutenes obtained here were mixtures of saturated
and unsaturated polymers, and that the more polar the solvent,
the higher the proportion of unsaturated polymers.
3≪6 Infrared spectrum of polymer
The infrared spectrum of the polymers was studied by
the method described in 2.2.3≪ A typical infrared spectrum
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Fig. 2-4 Infrared spectrum of polyisobutene.
Polymer was produced in CH2CI2 at -20°Ctoy
TiCl4-TCA, [?] being 0.125-
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Weak absorptions at wave numbers of 680, 895≫1660cm are
ascribed to an asymmetric disubstituted double bond, (as
already reported by Dainton^'). The presence of unsatur-
ation in the polymer was confirmed by infrared spectroscopy
as well as by bromination. Furthermore, since infrared
analysis showed that the double bond is an asymmetric <jj__
substituted one, it was thereby proved to exist at the
polymer end. It is considered that the double bond is pro-
duced when the transfer or the termination reaction occurs
by loss of a proton from the growing chain end.
For comparison, the infrared spectrum of poly- cK-
methylstyrene is shown in Fig. 2-5 a, b. From Fig. 2-5 a,
very weak absorption was found at 895cm . This can be
ascribed to an asymmetric disubstituted double bond, as in
polyisobutene. However, Sakurada ' proposed to ascribe
this absorption to crystallinity of polymer. In order to
clarify this point, the poly- d.-methylstyrene of Fig. 2-5
a was brominated. (it will be shown in Chapter 7 that the
crystalline poly-^-methylstyrene cannot be produced under
the polymerization condition to which Fig, 2-5 a relates).
The infrared spectrum of the brominated polymer is shown in
Fig. 2-5 b, where the absorption at 895cm has disappeared.

































Pig. 2-5 Infrared spectrum of poly- d,-methylstyrene.
Polymer was produced in CH2CI2 at -20°C




is ascribed to a double bond of the R-j^C = CH2 type.
4- Discussion
The experimental results described above give some
information about the polymerization mechanism for isobutene.
However, the monomer transfer and the unimolecular termin-
ation reaction for which quantitative results were given
will be discussed. The data summarized in Table 2-3 were
plotted against solvent dielectric constant in Pigs. 2-6 a,
b, c and 2-7 a? ^j c.
From these Figures, the effects of solvent and catalyst on
the reactions can be inferred and are summarized as followsi―
(l) At -20°C to -78°Cktm/4cp is larger the more polar the
solvent, though when stannic chloride ―trichloroacetic
acid catalyst was used, the effect of dielectric constant
was not clear.
(2) At -50°Cand -78°C kt'/kp was affected little by solvent
dielectric constant. But at -20 C, it was found to be
dependent.
(5) Both k-^jj/kpand k-t'/^p were much larger in polymerization






















Pig. 2-6 The plot of k-^jj/kpversus the dielectric
constants of polymerizing solvents in the
isobutene polymerization
Polymerization temperature: (o); -20 C,
(A)s -5O°C5(x): -78°C

























Polymerization temperature: (o): -20 C,
as
c:
(A): -50°c (x): -78°C




(4) Difference in catalyst (titanium tetrachloride or
stannic chloride) was reflected in the rate constant
ratio more than was difference in co-catalyst (water or
trichloroacetic aihid).
Hence it was concluded that the ion-pair consisting
of carbonium ion plus counter anion produced from titanium
tetrachloride or titanium tetrachloride―trichloroacetic
acid is unreactive in the transfer and the termination re-
actions, and that the effect of solvent dielectric constant
on rate constant ratio is regularly manifest for this growing
ion-pair. On a basis of these conclusion, the following
reaction mechanisms are proposed for the transfer and ter-
mination reactions:―
4-1 The monomer transfer reaction
The following mechanism can be offered for the monomer
transfer reaction of isobutene since (l) k-^m/kp increases
in a more polar solvent (this suggests the ion-forming re-
action) and (2) a terminal double bond is present in the
polymer:―
~CH2
CH, CH, H2C ' S6CH2
cR.... xe + ca, = c ―^cL-iw? £cc(ch,)2
I ^ 1 ^ I "--.SQ -■' ' £-






≫~CH2-C + (CH,)^ ... XR
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Mechanism (2-4) can explain all of the experimental
results obtained here and is essentially the same as that
so far reported in the literature on cationic polymerization
of isobutene.-*-2)>-*-3)The presence of a double bond at the
end of the polymer implies proton expulsion from the growing
ion. There are two ways in which a proton can be expelled,
that is, expulsion from a penultimate methyl group or from
a penultimate methylene group. The double bond due to
expulsion of a proton from a methylene group is a trisub-
stituted double bond which is stabilized by hyperconjuga*-
tion more than disubstituted double bond resulted from the
methyl proton expulsion. If the reaction path were deter-
mined mainly by the stability of the product, proton ex-
pulsion would be expected to occur at the penultimate
methylene group. However, infrared analysis shows the pre-
sence of an asymmetric di substituted double bond only.
This suggests that in the monomer transfer reaction reaction
path is determined by a steric factor rather than by the
electrostatic one and this is why mechanism (2-4) is
proposed.
A similar mechanism was proposed by Kennedy '' to ex-
plain his experimental results. He stated that in the
activated state of reaction (2-4) dissociation of the
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growing ion-pair is unnecessary. However, the present
author suggested that the ion-pair necessarily dissociates
in the activated state of the monomer transfer reaction,
and based his view on the experimental results given above
and on the ideas set out below. That the propagation re-
action takes place when the growing carbonium ion attacks
a (i -carbon atom of a monomer and that the monomer transfer
reaction takes place when the counter anion attacks an oi -
carbon atom of a monomer molecule may possibly explain
the experimental results, but these possibilities remain to
be investigated.
Mechanism (2-4) includes the process of extraction of
a proton from a methyl group and that of ion-pair dissocia-
tion. These process should be accelerated by increase in
dielectric constant of the medium, and this is in good
agreement with what is found experimentally. Next, the
experimental result that k-^/kp with stannic chloride is
larger than k-^/kp with titanium tetrachloride will be dis-
cussed. The natures of the monomer transfer reaction and
propagation reaction were considered vis a vis the nature
of the growing ion-pair. The propagation reaction is
facilitated by dissociation of the ion-pair into free ions,
because in the propagation step a monomer is inserted between
-101-
a growing cation and its counter anion. '' -*' Taking intc
account k^m/kp being larger in a more polar solvent, the
dissociation of the ion-pair into free ions is more impor-
tant in the monomer transfer reaction than in the propaga-
tion reaction. Then the effect of catalyst (counter anion)
on k^-m/kp is reduced to the effect of the counter anion
on ion-pair dissociation. The difference between SnCl/i.
CC1*COO° and TiCl^CCljCOCp lies in the nature of metal
atom. Due to the lesser electropositivity of Sn and its
larger ionic radius as compared with Ti, SnCl^'CCl^COO
is more stable and more easily dissociated from the carbonium
ion than is TiCl/.CCl^COO" . Hence, the monomer transfer
reaction is more important in polymerization by stannic
chloride than by titanium tetrachloride. The effects of
catalyst and solvent are thus explained in relation to the
nature of the growing ion-pair, and it can be concluded
that in isobutene polymerization, the free ion form is more
important in the monomer transfer reaction than in the
propagation reaction.
In cationic polymerization of styrene, it was found
that the less polar the solvent and the stronger the catalyst,
the larger ktm/k-,. ' When this experimental fact is con-
sidered in relation to the nature of the ion-pair, it can
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be concluded that in styrene polymerization the ion-pair
form is more important in the monomer transfer reaction than
in the propagation reaction. This fact suggests that a
different mechanism operates in the styrene monomer transfer
reaction. The mechanism of the reaction and the role of
the growing ion-pair in the latter will be discussed in
Chapters 3 a*i<l4≫
For convenience it is proposed to name the monomer
transfer reactions of isobutene and styrene the isobutene-
type and the styrene-type respectively. The mechanism of
the monomer transfer reaction in o(-methylstyrene poly-
merization (Chapter l) can tentatively be explained as
follows, focussing on that reaction. In the polymerization
of oi-methylstyrene, k^/fc^ increases with increasing sol-
vent dielectric constant for dielectric constant above 6,
but decreases with increasing dielectric constant of solvent
at dielectric constant below 6. o(-Methylstyrene has a
methyl group which is connected with the isobutene-type
monomer transfer reaction and a phenyl group which is con-
nected with the styrene-type monomer transfer reaction.
Therefore, in a polar solvent the isobutene-type monomer
transfer reaction (free ion form important) and in a non-
polar solvent the styrene-type monomer transfer reaction
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(ion-pair form important) are considered to occur. The weak
absorption at 895cm"-'-in the infrared spectrum of poly-o(-
methylstyrene in Fig. 2-5a is taken as the evidence of
occurrence of the isobutene-type monomer transfer reaction.
However, another explanation, propagation reaction ex-
planation, could be given for the solvent effect on the
k-tjjj/kpvalue of o<-methylstyrene. As will be seen in Chapter
11, the composition of the n-hexane―methylene chloride mixed
solvent profoundly affects the propagation constant of iso-
butene in copolymerization of isobutene with styrene. There
the reactivity (that is, kp) of isotmtene was found to in-
crease with increasing solvent dielectric constant. Siroilar
experimental results were also found by Overberger ' in the
cationic copolymerization of isobutene and p-chlorostyrene.
Both isobutene and c(.-methylstyrene are d- , d.'-disubstituted
ethylene. A solvent effect for the monomer reactivity ratio
in the copolymerization of <^,oi'-disubstituted ethylene has
also been observed by Smets et al.^-7'in the field of anio-
nic copolymerization. A tentative explanation of such a
solvent effect was given by Mizote, ' who considered the re-
lationship between the solvent as it affects the nature of the
growing ion-pair and the effect of the latter on the steric re-
quirements at the propagating step. So in the case of the ex-
perimental results with ≪-methylstyrene, this explanation
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of Mizote's, regarding effect of solvent on k^, may hold
instead of the above explanation relating to ktm ･･
4-2 The unimolecular termination reaction
As described earlier, k^.'/k_ includes the unimolecular
termination (k-fc), the solvent transfer (k^s [S]) and the
reaction with impurity (ktx^) terms. For the reason
stated previously k-t;g[s] can be neglected, and k-(;X[X]can
also be neglected because CX) is extremely small (less
than a few m mole/l.). k^. was considered to be a pre-
dominant term in k- '^ .
Two different mechanisms can be put forward for the
12) 19)








Reaction (2-5), which is an ion neutralization pro-
cess, is facilitated by a non-polar solvent. On the other
hand, reaction (2-6), which is an ion-forming reaction,
occurs readily in a polar solvent. The following experi-
mental results for kj.1/ix-can "beexplained in terms of
^･10^-
the above considerations:
(l) k^.'/k_ depends but little on solvent dielectric constant
of solvent.
(2) Polyisobutene is a mixture of unsaturated polymers and
saturated polymers.
The double bond shown in Table 2-4 is produced partly
by the reaction (2-4) and partly by the reaction (2-6).
Since such a polymerization condition as the initial monomer
concentration was not accurately known in the present in-
vestigation, the unsaturation could not be correlated with
^-value as in Chapter 5≪ Distinction between a double
bond between from reaction (2-4) and one from reaction
(2-6) was not made.
To summarize: it was established that, contrary to
the case of styrene, the degree of polymerization of poly-
isobutene was higher when polymerization was carried out
in a less polar solvent by a stronger catalyst. This dif-
ference was ascribed to difference between monomer transfer
reaction mechanisms. Occurrence of an isobutene-type and
__pf a styrene-type monomer transfer reaction was recognized.
The effect of the nature of the growing ion-pair on the
transfer and the termination reactions was discussed.
-106-
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Chapter 3 Ortho- and Para-methoxystyrene
1. Introduction
The effect of the nature of the growing ion-pair
on the monomer transfer and unimolecular termination re-
actions under various conditions of cationic poly-
merization have been investigated in Chapters 1 and 2:
tentative mechanisms were proposed for both reactions in
the polymerization of isobutene. Styrene, the cationic
polymerization of which has long been an object of study,
has also been studied in our laboratory and a monomer
transfer reaction differing in mechanism from that for
isobutene has been deduced. Hence it is very interesting
to investigate the mechanism of the monomer transfer re-
action for styrene and its derivatives.
Aromatic nuclei with a considerable nucleophilic
activity interact with a growing carbonium ion, since it
is found experimentally that aromatic hydrocarbons can act
as a chain transfer agent or as a molecular termination
agent for cationic polymerization ', and that para-sub-
stituted toluene is detected in the cationic polymerization
2)of styrene in toluene. > Since styrene is an aromatic
monomer, it is possible that the phenyl group of styrene
-109-
reacts with a growing carbonium ion. These considerations
showed that in the polymerization of styrene and its
derivatives, the growing ion-pair undergoes a transfer
reaction involving the phenyl group of the monomer.
In the present chapter the effects of ortho- and
para-substituents on the monomer transfer and termination
reactions in the polymerization of styrenes are studied,
(i) The monomer transfer and unimolecular termination
constant ratios were estimated under the various con-
ditions; (ii) The reaction site of the monomer transfer
reaction was investigated by comparing the results of
calculation by molecular orbital theory with the experi-
mental results; (iii) The end groups of the polymer were
identified by infrared analysis and were interpreted in
term of the mechanism of the monomer transfer and the
unimolecular termination reaction.
Using these approaches, the effects of the substitu-
ents on the monomer transfer and unimolecular termination
reactions in the cationic polymerization of styrene and
its derivatives were elucidated. The role of the re-





2.1 Synthesis of monomers
p-Methoxystyrene was synthesized from anisole and
paraldehyde by a procedure reported elsewhere.'' Monomer
was purified and distilled just before use. (b.p. 82°-
84°C/6mmHg, lit. 920-93°C/l3mmHg).
o-Methoxystyrene was synthesized from coumarin.
Commercial coumarin was dissolved in ethyl alcohol and
hydrolyzed by sodium ethoxide to give o-hydroxycinnamic
acid. The procedure including the purification of the








o-Hydroxycinnamic acid was dissolved in aqueous
potassium hydroxide solution and methylated by dimethyl-
sulfate to give o-methoxycinnamic acid. This procedure
and the purification of the product were reported by




o-Methoxystyrene was obtained "by the decarboxylation
of o-methoxycinnamic acid. The procedure and purification
6)






The monomer was washed repeatedly with alkali and
water, then dried over anhydrous potassium carbonate,
and distilled twice just before use.
Physical properties of o-methoxystyrene and the
intermediates are summarized in Table 3-1･ ^se of the
above synthetic route avoided isomeric by-products. The
yield of o-methoxystyrene was 25-40^ theoretical.
2.2 Reagents
Carbon tetrachloride, chloroform, methylene chloride
and sometimes 1,2-dichloroethane were used as polymeri-
zation solvents. Boron trifluoride etherate was used as
the polymerization catalyst. The purifications of chloro-
form, methylene chloride and boron trifluoride etherate
have previously been described.
1,2-Dich] .<roetha-a3(Guaranteed reagent) was washed
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repeatedly with aqueous sodium hydroxide solution and
water, dried over calcium chloride, and distilled from
phosphorus pentoxide twice just before use (b.p. 83.0°c).
Carbon tetrachloride (Guaranteed reagent) was washed
repeatedly with concentrated sulfuric acid, water, 10%
aqueous sodium hydroxide solu-tionand water, dried over
-11"?-
phosphorus pentoxide, and distilled twice from the latter
just before use (b.p. 76.3 - 76.5°C).
2.3 Polymerization procedure
Known quantities of solvent and monomer, total
volume 50 ml-,were measured into a 100 ml. falsk with a
catalyst inlet (syringe). The flask opened to the air
via a calcium chloride tube, and was immersed in a thermos-
tatted bath. By adding catalyst polymerizations were
carried out at 30°,0°, -20°and -50°C, and appeared to
proceed homogeneously.
Polymerization was stopped bypouringthe polymerizing
solution into ammoniacal methyl alcohol. The polymer was
precipitated by adding large quantities of methyl alcohol,
and it was then washed repeatedly with methyl alcohol,
and dried at 40 C in a vacuum.
2.4 Molecular weight determination
Polymer intrinsic viscosity was determined in tolu-
ene at 30°C. The following equations were used to cal-
collate the molecular weights ―
poly- o-methoxystyrene : n 7i[q ]-6.4O x 10"? x Mw '
(3-D
poly- p-methoxystyrene s (* o＼
[77 ]= 1.66 x 10-4 x^°≪65 ^~2)
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where M^ is the weight average molecular weight. These
equations were obtained from light-scattering measurements
on fractionated samples in methyl ethyl ketone solution.
3. Results
3.1 Estimation of the ratio of the rate constants for the
monomer transfer and spontaneous termination reactions.
The method of determining the rate constant ratios
was described in detail in Chapter 1. Taking into account
occurrence of monomer transfer reaction (3-5), unimole-
cular termination reaction (3~4) and reaction with
adventitious impurities (3-5) in the cationic polymeri-
zation of methoxystyrenes, the reciprocal of the number-
average degree of polymerization (l/p) of the polymer
obtained in the present system is given by equation (3-6).
Solvent transfer reactions, which could also affect p,
could be neglected for the solvent used here.
Monomer transfers P^ + :
Unimolecular terminations Pn
Reaction with impurity; Pn + X ?Pn(+X )
l/p = ktm/kp + kt./kp . l/CMj





In t>≫eabove equations, M and [M] represent monomer and
its concentration (mole/l,.),X and CX ) represent im-
purity and its concentration (mole/l.), and Pn denotes
polymer having a p value of n. kp, k-^m, k-^, and k^x
are the rate constants for propagation, monomer transfer,
spontaneous termination and reaction with impurity, re-
spectively* Thus, by measuring p for various [Ml values
and plotting l/p against l/CM], k^'/k^ and ktm/k^ can
be found from the slope and intercept of the straight
line of equation (3-6). To this end, cationic poly-
merizations of methoxystyrenes were carried out varying
the concentration of p-methoxystyrene over the range
lml/50ml.to 7ml/5Oml.([M] = 0.149 - 1.04 mole/l.),and
the o-methoxystyrene concentration over the range lml/
50ml.to 5ml/5Oml.([M] = 0.149 - O.746 mole/l}. Dielect-
ric constants of o-methoxystyrene was measured by high
7)
frequency bridge method and found to be 4≫26at 30°C,
4.58 at 0°Cand 4.78 a* -20°C,which are almost the same
as those of chloroform. ' The dielectric constant of
p-methoxystyrene is also assumed to be almost the same
as that of chloroform. Hence the dielectric constant
of the chloroform solution is independent of [M] . In
carbon tetrachloride, methylene chloride or JL,2-dichloro-
-116-
ethane solutions, the dielectric constant may be kept the
same by adding the right amount of chloroform as CM3 is
reduced.
Examples of the determination of rate constant
ratios by using equation (5-6) are shown in Figs. 3-1 an<i
3-2. The rate constant ratios determined under the
various polymerization conditions are listed in Table 3-2.
Table 3-2 The rate constant ratios. (xlCf ^(BFj-O^Hn^)
o-Methoxystyrene
cci4



















































Polymerization of §.~methoxystyrene in carbon
tetrachloride at 0°C
ktmAp = 3.33 x 10-3 VA) ^o
0 2 4 6
l/[M J Ii/mole
Fig. 3-2 The plot of l/p versus l/[M]
Polymerization of p-methoxystyrene in methylene
dhloride at 0°C, k^kp = 1.60 x 10~4


























Pig. 3~4 Relationship between dielectric constant of


























Relationship between dielectric constant of





Fig. 3-6 Relationship between dielectric constant of the
solvent and k-t'/kg of p-methoxystyrene
(o):30°C, (a): 06C, (□):-20°C
In Figs.3-3, 4j 5j and 6, rate constant ratios at various
temperatures are plotted against D.C. of the solvent at each
temperature. The change of D. C. of the solvent with
temp era,ture is shown in the figures.
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The rate constant ratios are plotted against di-
electric constant of the solvent in Pigs 3~3 9 3-4≫ 3-5>
and 3-6*
In the polymerization of o-methoxystyrene, k-^/k-
was independent of both polymerization temperature and
solvent dielectric constant, while k^'/kp decreased with
decreasing polymerization temperature and decreasing
solvent dielectric constant. k^'/k^ was almost zero in
carbon tetrachloride.
In the polymerization of p-methoxystyrene, k^.m/kp
decreased with decreasing polymerization temperature and
with increasing solvent dielectric constant which is the
same tendency as is observed in the cationic polymeriza-
tions of styrene . ' k.(.'/k.^decreased with decreasing poly-
merization temperature, but did not correlate well with
the solvent dielectric constant.
From the rate constant ratios estimated at varying
monomer concentration, it may be expected that in the
cationic polymerization of p-methoxystyrene by boron
trifluolide etherate p will increase with increasing
solvent dielectric constant, and similarly for poly-
merization of o-methoxystyrene at higher monomer con-
centration; this was what was found experimentally.
-121-
3.2 Comparison between k-fcn/kpof styrene, o-inethoxy-
styrene and p-methoxystyrene
A main object of this study was to investigate the
electronic and steric effects of the methoxy group on
the monomer transfer reaction. The values of (k^.m)0
(ktm)s' (ktm)p/(ktm)s> and (ktm)o/(ktm')p' where the suf"
fixes s, o, and p denote styrene, o- and p-methoxystyrene
respectively, were calculated to investigate the effects
of the substituents. The calculation was carried out
according by the method used in Chapter 10 for the deter-
mining of the ratio of chain transfer constant with
toluene.
Referring to monomers A and B,




vrtiererA an(lrB are ^e monomer reactivity ratios in
the copolymerization of A and B. Equation (3-8) will
be discussed again in more detail in Chapter 10. So;―
(ktm)A/(ktm)B = (ktm/kp)A/(ktm/kp)B x(rA /■t^F (3-9)
In order to estimate the ratios (k^jjj/kp)for A and
B, monomers A and B must be homopolymerized under the
-122-
same conditions, and A and B must "be copolymerized under
the same conditions as those in the homopolymerization
to obtain the values of r^ and r-g.
The values of (ktm/kp)o and (ktm/kp)p are given in
Table 3-2, and values of ^k^m/k )g which previously re-
ported from our laboratory"' are listed in Table 3-3≪
Table 3-3 ktmAt; in the polymerization of styrene
BF,.0tc2H5)2, 30°C
Solvents used in Ref. 9 lO^tmAp Corresponding solvents




30 vol.fo + benzene
Dichloroethane







In all strictness it must be mentioned that the solvents
used in the polymerization of styrene (left-hand column
of Table 3~3) wa-s not the same as those used in the
polymerizations of methoxystyrenes (right-hand column
of Table 3). However, the correspondence is probably
fairly close in view of the similar solvent dielectric
constants.
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Monomer reactivity ratios are listed in Table 3"4? ^e
data for o-methoxystyrene―p-methoxystyrene and styrenfr―
o-methoxystyrene copolymerizations were determined by
the present author as described in Chapter 10. Copoly-
merization of p-methoxystyrene with styrene was effected
by boron trifluoride etherate in chloroform at 30 C.
The compositions of the copolymers were determined by
infrared analysis, using the ratio of optical densities
Dg25cm"l/(^825cm~''" + ^700cm~''')･ ^ne values of r^ and X2
were found by the cross-section method. The corresponding
copolymer composition curve is shown in Pig. 3~7≪ The
kp ratios could be calculated from the values of r^ and
r2 thus obtained, and are listed in Table 3~4≪ Despite
the difference between polymerization conditions used
in homopolymerization and copolymerization, the numerical
values in Tables 3-2≫3~3> and 3-4 were assumed to be
applicable to equation (3-10).
The k-t;mratios, which are listed in Table 3-5≫were
calculated by inserting the data shown in Tables 3-2,
3-3? and 3-4 in equation (3-10).
It will be seen from Table 3-5 that the value of
(k^m)p/(ktm)g lies between 0.2 and 0.6 and that the
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Mole fraction of p-methoxystyrene
in monomer feed
Pig. 3-7 Copolymer composition curve for copolymerization
of p-methoxystyrene (M^) and styrene (M2) in
chloroform by BP3≪O(C2H5)2at 30°C
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However, these values cannot be directly discussed because
both Rjj1 (the reactivity of a monomer in the monomer
transfer reaction) and Rj' (the reactivity of a growing
ion in the monomer transfer reaction) must be taken into
account. To ascertain (R^1 )j^/(Rjj')-q*the relationship
"k. = Ri'-Rjj1" was assumed, which will be discussed in
Chapter 10 in more detail.
Therefore, the following relationships obtain:―
OHm)A/k t^B - (RmOaCRiOa/CRmOb^iOb
(3-11)
(RMT)a/(Rm')B - (ktm)A/(ktm)B-(V)B/(V)A
To determine (Rj1 )B/(R-j-')^>the ratio of the reactivities
of the growing ions in the transfer reaction to toluene
was used, the data for which will be reported in Chapter
10; see Table 3-6.
Table 3-6 The comparison of Rj, the reactivity of growing
ion
Cation 1 Cation 2
Rj' of cation 1











Thus, the values of (%')a/(%')b c°uld be calculated
and are shown in Table 3-5･ It was found that the pre-
sence of a methoxy group increased the value of Rj^1 the
effect being greater for ortho- than for para-substitution.
Logarithms of r^ values (Table 3-4) obtained in the
boron trifluoride etherate copolymerization of p-metho-
xystyrene (M-i) and o-methoxystyrene (M2) in chloroform
are plotted in Fig. 3-8 against l/T. A linear relation-
ship was obtained from which (^H-j^-a H-q) was found to be
0.86 Kcal/mole and (aS-q-aS12) was found to be 0.69 cal/
deg./mole. The latter is nearly zero, the value usually
found in other copolymerizations. R' The similar plot
for ?2 was not made because the values were scattered.
3.3 Molecular orbital calculations
To investigate theoretically the propagation and
monomer transfer reactions of o- and p-methoxystyrene,
the stabilization energy, (^E)r,s, based on TC conjugation
between the position r in the monomer and the position s
in the ion, was calculated from second order perturbation
11)
theory to bes―
/ occ umzc wo* Occ . (a-p111)2(hj1)2 {& R )2
(^)r,8-( z e-ziz: V rMa;wi;











0 12 3 4 5 6
l/T x 105
Pig. 3-8 The plot of log r^ versus l/T
r, is for the copolymerization of p-methoxy-
styrene(Mi) and o-methoxystyrene(M2)in chloroform
by BF5.'O(C2H5)2.
x means the averaged value of ri
r1= 6.4 (-78°C) r1= 3.9(-2O°C) x1 = 2.9(3O°C)
I means the range of the error in r^.
Here, arm and bgn are the coefficients of the r-th and the
s-th atomic 7D-orbitals in the m-th and n-th molecular
orbitals of a monomer and an ion, respectively; Fm and Pn
are the eigenvalues of the m-th and n-th molecular orbitals,
respectively; a 0 is the resonance integral of an inci-
tecc
pient bond between a monomer and an ion; and 2 and
itnocc22 denote the summation over all the occupied and the
unoccupied orbitals, respectively. It has been assumed
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that the larger the absolute value of (A E)r,s the more
easily the reaction occurs.
To deduce the position of carbonium ion attack in the
propagation and monomer transfer reactions, the frontier
electron density was calculated, regarding the methoxy
group as equivalent to an atom. The values of the Columb
and resonance integrals used in the present molecular



























Fig. 3-9 Molecular orbital calculations
-I30-
o(1 - o( + 0.6/S
c<2 = o( + 0<05/j





























Fig. 3-10 The frontier electron densities
.058
5
Carbonium ion attack was considered to take place at the
position of maximum electron density in the monomer(other-
wise at the methoxy group) to bring about the propagation
-131-
reaction, and at that in the phenyl group to give rise to
the monomer transfer reaction. The following values were
therefore calculated:
for copolymerization
for monomer transfer reaction (aE)-z g (^E)r' g
Results are shown in Table 3-7･ Prom the calculation it
was found that (aE) ,.was smaller than (aE)q/ g (ab-
solute value) and (aE) < .was larger than (aE)y q>
(absolute value). The rate constants k-,p k^2 ^22 an(*
k21 are determined by {^)-]£, (aE)o..
?6,
(aE)^^',
and (aE)~ q< respectively. Therefore, value r2 may be
expected to be larger than unity and r^ smaller than,unity.
On thefotherhand, (^E) , was found to be larger than
(^E)c' g' (absolute value). The rate constants (k-jjm)0
and (k^m) are determined respectively by (aE)c' q> and
(AE)3,6, so it may be expected that (ktm)p/(ktm)o wil1
be larger than unity. The experimental results were,
however, completely contrary to these predictions.
3.4 Infrared spectroscopy of the polymers
To investigate the end groups of poly-o- and p-
































































































































































As was seen in Table 3-2, ktm/kp and k^ /kp values
for o-methoxystyrene are sufficiently large to give low
molecular weight polymer even under less severe poly-
merization conditions. This is convenient for end group
analysis.
Poly-o-methoxystyrene obtained under the present
polymerization conditions gave weak infrared absorptions
at 900 cm" and 970 cm" , as shown in Pig. 3-lla. The
absorption at 900 cm also appears strongly with the
monomer too, but is absent with the polymer obtained by
thermal polymerization, while the absorption at 970 cm"
is not found in the monomer but is present in thermally
polymerized polymer, as shown in Pig. 3-llc. Both absorp-
tions are very weak in the polymer of higher molecular
weight as shown in Fig. 3-Hb> and disappeared on bro-
mination of the polymer as shown in Fig. 3-Hd* Though
the changes in the infrared absorption spectrum of poly-
mer accompanying bromination were slight, the facts led
the author to conclude that these absorptions are due to
a terminal double bond. The absorption at 900 cm may
be ascribed to a terminal vinyl group and the absorption
at 970 cm" to terminal trans double bond. *'
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p-Methoxystyrene gave polymers of higher molecular
weight under the present conditions, making and group
analysis difficult. So poly-p-methoxystyrene was fraction-
ated and the lower molecular weight fractions were analyzed
"byinfrared spectroscopy. The polymer hadt a weak absorption
at 900 cm"1, as shown in Pig. 3-12a, and this disappeared
on bromination. The same absorption was strong in the
monomer. It "may possibly be due to the terminal vinyl
group. A weak absorption at 96O cm , absent in the monomer,
could be detected in the polymer. This suggests the pre-
sence of a trans double bond, as in poly-o-methoxystyrene.
However, this absorption appeared also in the polymer of
higher molecular weight as shown in Pig. 3~12b, so, a
definite conclusion could not be reached.
In addition to these absorptions, poly-o- and p-
methoxystyrene of lower molecular weight gave a weak
absorption at 68O-69O cm~ , absent both from polymers of
higher molecular weight and from monomer. Bromination of
the polymer caused it to disappear, and it is considered
to be due to a terminal cis double bond. "
The presence of the very weak absorptions at 870 cm
in poly-o-methoxystyrene may be attributed to a 1,2,4-
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Fig, 3-11 Infrared spectra of poly-o-methoxystyrene
as Low molecular weight polymer, L^J= 0.028,Polymeri-
zation condition; 30°C, CCI4, BF3≪O(C2H5)2
■b; High molecular weight polymer, [y[＼= O.I42
Polymerization conditions 30°C, CH2CI2, BF3.0(02115)2
cs Polymer obtained by thermal polymerization^£> ]≫0.140
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Pig. 3-12 Infrared spectra of poly-p-methoxystyrene
a: Low molecular weight polymer, [ ^]= 0.152
Polymerization condition: 30°C,(CH2Cl)2> BP3≪O(C2H5)2
b: High molecular weight polymer, [^1= 2.13
Polymerization condition: -20°C, CCI4, BF3.≪O(C2H5)2
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4≪ Discussion
4*1 Monomer transfer reaction in cationic polymerizations
of methoxystyrenes
The following conclusions were drawn concerning the
change in reactivity of styrene derivatives in the monomer
transfer reaction (R^1 ) due to the methoxy group:
(i) The reactivity of p-methoxystyrene in the propagation
reaction is more than ten times greater than that of
styrene (Table 3-4)･ On the other hand, the reactivity
of p-methoxystyrene in the monomer transfer reaction
is only two to five times greater than that of styrene
(Table 3-5).
(ii)The reactivity of o-methoxystyrene in the propagation
reaction is only five times greater than that of
styrene (Table 3~4)≪ On the other hand, the reactivity
of o-methoxystyrene in the monomer transfer reaction
is ten times greater than that of styrene(Table 3-5) ･
(iii)lt is easier to study the monomer transfer reaction
using o-methoxystyrene since the reactivity of o-
methoxystyrene for this reaction is usually larger
than that of the p-isomer.
(iv)The &-carbon of the vinyl group and the carbon atom
of highest electron density in the phenyl group are
-139-
considered to constitute the reaction site between a
carbonium ion and a monomer. The reaction might also
be expected to occur on the oxygen of the methoxy
group. However, this possibility was neglected for
three reasons; (l) although the electron density is
apparently relatively larger at this position, the
electron releasing effect of oxygen gives this atom a
slight positive charge, which hinders the access of
the carbonium ion, (2) the reaction between the car-
bonium ion and oxygen is highly sterically hindered,
(3) the hypothesis that the reaction site is the
oxygen atom cannot explain the difference between o-
and p-isomers in the effect of the substituents on
In the light of these facts, the following propositions
can be discussed.
(A) "Monomer transfer reaction takes place at the phenyl
group of a monomer"
If the monomer transfer reaction occurs at the
vinyl group of a monomer, the effects of the methoxy
group on the propagation and the monomer transfer
reaction should be the same. However, the effect of
the methoxy group is dependent on its position of
-140-
substitution (see (i) and (ii)). This indicates that
the reaction occurs at the phenyl group (see (iv)).
Let us now consider this possiblity in detail. Prom
the molecular orbital calculation, the monomer transfer
reaction is expected to occur at the carbon atom 3
(Fig. 3-9) in the polymerization of p-methoxystyrene.
In view of the steric effect, the introduction of the
p-methoxy group will promote the reaction at the vi-
nyl group (propagation reaction) more than the steri-
cally hindered reaction at the carbon atom 3 (monomer
transfer reaction). On the other hand, in the poly-
merization of o-methoxystyrene, the monomer transfer
reaction is expected to occur at the carbon atom 5'
(Pig. 3"9)≪ In this case, the introduction of the
o-methoxy group will accelerate the reaction at the
carbon atom 5' more than the reaction at the vinyl
group. These expectations were confirmed by the pre-
sent investigation (see (i), (ii)5 and (iii)).
Overberger et al.^-4) reported that the ratio of the
reactivities of chain transfer reagents was about 1.2
for p-xylene/toluene and about 9*4 for o-xylene/toluene
in the cationic polymerization of styrene by stannic
chloride. The experimental results obtained in the
-141-
present investigation thus agree well with those obtained
by Overberger et al., and also with those previously
obtained in our laboratory. '
Molecular orbital calculation gave a large value
for -(AS) than for -teE),-, PI (Table 3-6). In
3,6 0 >°
practice, however, the value of (k+ )0/(k+m)p was
found to be larger than unity (Table 3~5)≪ This dis-
crepancy is due to the steric effect. The same pheno-
menon in chain transfer reaction towards an aromatic
compound was observed in our laboratory °'in the
molecular orbital approach to the transfer reaction.
(b) "Monomer transfer reaction consists mainly in reaction
between a carbonium ion and a free monomer"
In the above investigations, it was tacitly assumed
that the monomer transfer reaction takes place at the
phenyl group of a free monomer (mechanism (3-13))≪
However, there is an alternative mechanism for the
reaction (mechanism (3-14)):






CH=CH2 CH5-CHR. .. AR
Monomey-^ C-/^^> + T j
OCH OCH
~ CH2-CH-CH2-CH... t * ^ CHo-CH ^CH-O







CH?-CH ..CH-/ ) + f 1
Monomer f fl OGH, OCH,
k^OCH5 5 5
(3-14)
Reaction (3-14) gives a substituted indane structure
at the polymer end. In the cationic polymerization of
styrene and its derivatives, this reaction was proposed
as a possible p-determining reaction by some workers,
17),18),19),20) and was rejected by others.21^'22' In
the polymerization of methoxystyrenes, it is clear that
for both electronic and steric reasons the o-methoxy group
should enhance reaction (5-14) less than the p-methoxy
group. However, this does not agree with the experimental
results (see (iii)). Moreover, the terminal vinyl groups
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which were detected in the polymer can be formed only by
reaction (3-13)* These two facts imply that the monomer
transfer reaction proceeds at least in part by mechanism
(3-13).
Reaction (3-13) could also introduce following 1,2,





Therefore, infrared absorptions for these structures are
to be expected at 805-825 cm"1 and 870-885 cm"1 13). Only
a very weak absorption could be observed in the spectrum
of the fractionated poly-o-methoxystyrene.
The value of k^/lc for the polymerization of o-
methoxystyrene was independent of the polymerization tem-
perature (Table 3-2). This unusual result is due to the
relatively low value of E£m and relatively high value of
Ep. The latter may be ascribed to two effects; (A) the
repulsion between the o-methoxy group near the growing





f^N-OCH.. , . CHO=CH f-P of large Epo- > ^ * -
(B) The deviation from a planar form of the growing end
caused by interaction of the carbonium ion with the o-
methoxy group, and the consequently low contribution of
resonance stabilization.
~CH* ~ CH
Ar))CH3 J*>* little^ I
R
OCH,
These effects were reflected in the following observations:
(A■) Although a value of rp larger than unity and a value
of r, smaller than unity in the cationic copolymerization
of p-metboxystyrene (Mq_) with o-methoxystyrene (M2) are
to be expected from the molecular orbital approach (Table
3-7)≫"thereverse relationship was found experimentally.
(B1) It may be seen from Fig. 3-8 that the entropy and
potential energy of the transition state are higher in
the addition of M- to M,R than in that of M-j_to MjR.
4.2 TJnimolecular termination reaction in cationic poly-
merizations of the two methoxystyrenes
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There is some ambiguity about the nature of the uni-
molecular termination reaction because k, * is made up of
k|.and k^x[X](see 3≪l)≪ But in polymerization of o-
methoxystyrene, k. '/k was nearly equal to zero in a
solvent of low dielectric constant such as carbon tetrach-
loride (Table 3-2), suggesting that mechanism (3-15) here
predominates. The proton expulsion reaction would be




li > ~ CH=CH + HA.
OCH,
(3-15)
In -oolymerization of p-methoxystyrene, k^.'/k^ was
not greatly affected "by change in solvent dielectric
constant, suggesting that, in addition to reaction (3-15)≫
there occurs another reaction of different mechanism for
which a low solvent dielectric constant is permissible.
Thus, reaction (3-16) may he used to explain the unimolecular
termination reaction of p-methoxystyrenes it is essentially
the same as the monomer transfer reaction in that it is
an alkylation by the growing ion.








in solvent dielectric constant. The o-methoxy group would
sterically inhibits reaction (3-16), but no experimental
evidence vtas found to this. The unimolecular termination








The infra-red absorptions at 680 cm" (cis double bond)
and at 960-970 cm (trans double bond) in poly-o- and p-
methoxystyrene are due to end groups (i) and (ill), con-
firming mechanism (3-15) above. However, absorptions
attributable to the end group (il) were not found for
poly-p-methoxystyrene.
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4≪3 ^he monomer transfer reaction of styrene and its
derivatives
It was found that in cationic polymerizations of
styrene and methoxystyrenes the monomer transfer constant
ratio ( k. /k) increases with increasing solvent dielectric
constant, and that in the polymerization of styrene k^m/kp
increases, the stronger the Lewis acid as catalyst. For
the reason stated in Chapter 2, these facts suggest that
k+ /k^ increases with change of the growing end into ion-
pair form, contrary to what obtains with isobutene. From
the reaction kinetics and infrared analysis, the mechanism
of the styrene-type monomer transfer reaction is considered
to be (3-13).
Kanoh et al. v/ consider that in the propagation re-
action of styrene and its derivatives, it is necessary
for the growing end to dissociate into free ions.
However, the monomer transfer reaction (3-I3) is
essentially an alkylation, and proceeds via the displace-
ment mechanism proposed by Brown. ^' In the monomer
transfer reaction, therefore, dissociation into free ions
is not always important, but bond formation between the
growing ion and the phenyl group of a monomer is important.
Thus, the change of the growing ion into the ion-pair form
-148-
greatly depresses the propagation reaction, but does not
affect the monomer transfer reaction. These mechanisms
imply that ktm/kp ±s higher, the lower the solvent
dielectric constant and the stronger the Lewis acid
catalyst.
The effects of the electron withdrawing sub-
stitution on the styrene-iype monomer transfer reaction
will be described in the next chapter.
To sum up, investigation of the effects of the methoxy
substitution of styrene on ^tw^-p established that in
the monomer transfer reaction of styrene and its deriva-
tives the growing ion reacts with the phenyl groups of
a monomer, and that the change of the growing end into
ion-pair form facilitates the monomer transfer reaction.
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Chapter 4 Ortho- and Para-chlorostyrene
1. Introduction
In order to investigate the mechanism of the monomer
transfer reaction in the cationic polymerizations of
styrene and its derivatives, the electronic
steric effect of the substituent on the transfer and ter-
mination reactions were investigated. In the preceding
Chapter, the effect of electron donating substituent (methoxy
group) was investigated. As a consequence, a tentative
mechanism was proposed to the styrene-type monomer transfer
reaction, in which the reaction of the growing cation with
the phenyl group of the monomer is important. In this
Chapter, the electronic and steric effects of an electron
withdrawing substituent such as a chlorine atom were inves-
tigated and the validity of the mechanism of the styrene-




o- and p~Chlorostyrene were synthesized "by the
method of Brooks ' from o- and p-chlorobenzaldehyde (Hevdon
-152-
Newport) respectively, these being distilled just before














The above synthetic route avoided isomers as by-products.
Physical properties of the monomers, the starting materials
and the intermediates are summarized in Table 4-1
o- and p-Chlorostyrene were washed repeatedly with
alkali and water, then dried over anhydrous potassium car-
bonate, and d.istilled twice just before use.
Styrene was washed repeatedly with alkali and water,
then dried over sodium sulfate, distilled in a vacuum,
dried over metallic sodium, and again distilled (b.p.
55°c/32min).
The toluene, chloroform and dichloroethane used a.s
solvent were purified as stated previously, special care
being taken to remove water.


























































































































































































































Stannic chloride as catalyst and trichloroacetic acid
as co-catalyst were purified as described in Chapter 2.
2.2 Procedure
2.2.1 Polymerization
Polymerizations were carried out in a 100 ml.flask
immersed in a thermostatted bath at 30°C>using stannic
chloride―trichloroacetic acid as catalyst, and stopped by
the addition of a large amount of methanol. The precipi-
tated polymer was washed repeatedly with methanol and
dried in a vacuum at 40 Co
The polymerization rate was measured using a dil-
atometer at 30°C The volume decrease of monomer was
found to be 14･2$ for o-chlorostyrene and 15*4$ for p-
chlorostyrene.
2.2.2 The determination of the molecular weight
The molecular weight (m) or the degree of polymeri-
zation (p) of polymer was calculated from the intrinsic
viscosity using equations (4-l)5 (4-2) s a*id(4-3)･
poly-p-chlorostyrene
Pn = 16.98 x 102 x [77] - 45-1




Pn = 5.72 x 102 x [ 7 ] - 8.2
The molecular weight range s 1100-2200
2^polystyrene '
[>/] = 2.27 x 10-4 x in0'?2
The molecular weight range ; 1000-10000
(4-2)
(4-3)
Equations (4-1) an(i(4-2) were found by measuring
the freezing point depression of a benzene solution of
unfractionated sample and the intrinsic viscosity in
toluene at 30°C. Equation (4-3) was reported by Pepper
on the relationship between the intrinsic viscosity of
benzene solution at 25°C and the molecular weight deter-
mined by the freezing point depression measurement.
A lot of intrinsic viscosity―molecular weight equ-
ations have been reported for lo^f molecular weight poly-
styrene and low molecular weight polystyrene derivatives.
Plotting logarithms for the equations for polystyrene ''5/
and for poly- oC-methylstyrene, ' '' practically parallel
straight lines were obtained. They greatly resemble the
straight line obtained for the logarithmic plct of
equation (4-2) (poly-o-chlorostyrene). They are all













in benzene at 3O°C(lOO ml./g.)
Fig. 4-1 ^he comparison between various intrinsic









However, the equation (4-1) for poly-p-chlorostyrene
had a very steep slope when plotted logarithmically, and
behaved differently from others. Furthermore, it has
-157-
been reported that the very similar graphs are obtainable
for high-molecular poly-p-methoxystyrene, poly-p-chloro-
styrene and polystyrene'-'. These experimental results
suggest that the abnormal behavior of .equation (4-1)
when plotted logarithmically may be due to its incorporat-
ing considerable experimental error. Now assuming that
an intrinsic viscosity―molecular weight relationship
similar to that for other polystyrene derivatives holds
for poly-p-chlorostyrene, the rate constant ratios in
the polymerization of poly-p-chlorostyrene were calculated
tentatively using equation (4-2) instead of equation
(4-1)･ It was indeed found that the absolute value of
the rate constant ratio was different, but the discussions
on the basis of the rate constant ratio were not seriously
affected, even if equation (4-2) was used instead of
equation (4-l). The calculation of the rate constant
ratio by equation (4-1) did not therefore greatly affect
the relevant discussion, even if some experimental error
entered into equation (4-1). The intrinsic viscosity
(30 C, toluene)―number averaged molecular weight (deter-
mined bjrvapor pressure depression) relationship for
low molecular weight poly-o-methoxystyrene behaved, very
similarly to equation (4-l) when plotted logarithmically.
-158-
3≪ Results
3^1 The measurement of the polymerization rate
The polymerization rates (R ) of o- and p-chloro-
styrene have hitheto rarely been measured. In this in-
vestigation, the cationic polymerizations of o- and p-
chlorostyrene were carried out at 30°Cin benzene or
dichloroethane xrith various monomer concentration [M],
catalyst concentrations [C], co-catalyst concentrations
[Co ] and co-catalyst/catalyst ratios. The effects of
changes in these variables on the polymerization rate
and length of the induction period (t-j_)being studied.
3.1.1 The rate of polymerization of p-chlorostyrene
The polymerization Yirascarried out in benzene with
variation of the monomer concentration, the concentrations
of catalyst and co-catalyst being kept constant. The
time――conversioncurves are shown in Fig- 4-2.
The maximum polymerization rate was calculated from
a tangent to the curve 5 and was plotted against the square
of the monomer concentration, when it gave a straight
line. This is shown in Fig. 4~3≪ For polymerization in
benzene, the polymerization rate was thus shown to be
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Pig. 4-5 The relationship between Rp and [M]




















The relationship between t^ and l/[Mjin the
polymerization of p-chlorostyrene at J>O°G
in benzene
In Fig. 4-4 the length of the induction period was
plotted against the reciprocal of the monomer concentra-
tion and the proportionality between them was evident.
Next, polymerizations were carried out at various
catalyst concentrations, while the monomer concentration
and the catalyst/co-catalyst ratio were kept constant.
The timff―conversion curves are shown in Fig.4-5･
The maximum polymerization rate was calculated from
a tangent to the curve and plotted against the catalyst
concentration to give a straight line. The linear re-





























of p-chlorostyrene at J>O°Cin benzene









Fig. 4-6 The relationship between [Rp]and [C ] in the poly-
merization of p-chlorostyrene at 30°V in benzene
with constant [Co]/[C ]
_1£O._
･
concentration is shown in Fig. 4-6.
The length of the induction period was plotted
against the reciprocal of the catalyst concentration





















Fig. 4-7 The relationship between t±and l/[C] in the
polymerization of p-chlorostyrene at 30°^i*1
benzene with constant[Co]/fC I
Prom these experimental results it was established
that in the cationic polymerization of p-chlorostyrene
in benzene at 30 C using stannic chloride ―trichloroacetic




These relationships were likewise observed in the catio-
nic polymerization of styrene in benzene using stannic
chloride as catalyst. '
Next, polymerizations of p-chlorostyrene were carried
out in dichloroethane at various monomer concentrations,
while the concentrations of catalyst and co-catalyst were
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Polymerization time (min.)
Fig. 4-8 Time―conversion curve for the polymerization








[ C ] =1 m mole/l.




The maximum polymerization rate was calculated from
a tangent to the curve and plotted against the monomer




[ M ] (mole/l.)
1.0 1.5
Fig. 4-9 The relationship between Rp and [ M ]in the
polymerization of p-chloro
dichloroethane
styrene at 30°C in
Then, the proportionality of polymerization rate to the
monomer concentration was proved for dichloroethane,
this differing from the proportionality to the square
of monomer concentration observed in the stvrene t>o1v-
merization. 8)
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3.1.2 The polymerization rate of o-chlorostyxene
o-Chlorostyrene was polymerized in benzene at JO C
using stannic chloride―trichloroacetic acid as catalyst.
The time―conversion curves are shown in Pig. 4-10. For
the comparison, the time―conversion curve of p-chlihro-












Pig. 4-10 Time―conversion curves for the polymerization
of p-chlorostyrene (N0.I3) and o-chlorostyrene
(No.14 and 15) at 30°Cin benzene
[M] mole/l. [C ] m mole/l. [Co] m mole/l
No.13 1.38 11.6 5.1




As is clearly shown in the iigure, the polymerization
rate of o-chlorostyrene is much less than that of p-
chlorostyreneo How the rate of polymerization of o-
chlorostyrene depended on the monomer concentration and
catalyst concentration were not studied.
3.1.5 The rate of polymerization of styrene
Fig. 4-H shows the time―conversion curves for the
polymerization of styrene in dichloroethane at JiO°Cusing
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Pig. 4-11 Time―conversion curves for the polymerization




[M] = 1.45 mole/l.





3.1.4 The effect of co-catalyst/catalyst ratio on the
polymerizations of o- and p-chlorostyrene.
o-Chlorostyrene was polymerized in dichloroethane
at JO°C with changing co-<fcatalyst/catalyst ratio, while
the monomer concentration was kept constant. The time-















Fig. 4-12 Time―conversion curves for the polymerization
of o-chlorostyrene at 30°Cin dichloroethane
[IT] = 1.31 mole/l.





















Similarly p-chlorostyrene was polymerized in
dichloroethane at 30°C, and the effect of co-catalyst/
catalyst ratio was studied. The time―conversion curves
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] m mole/l, [Col/CCj
The effect of the co-catalyst/cataljrst ratio on the
cationic polymerizations of styrene, o- and p-chloro-
styrene by stannic chloride―trichloroacetic acid as
catalyst was discussed in terms of the polymerization
rate calculated from a tansent to the time―conversion
curve shown in Figs, 4-11, 4-12 and 4-13* These poly-
merization rates are shown in Fig. 4-14, which also gives
the degree of polymerization of the polymer. Prom that
Figure it was ascertained that the polymerization rate reached
a maximum at a co-catalyst/catalyst ratio of about unity,
and that the degree of polymerization of resultant polymer
was not essentially affected by the co-catalyst/catalyst


















Fig. 4-14 The dependence of Rp and P on [Co]/CC]in the
polymerization at 3$°Cin dichloroe^hane.
The figures are the average degree of
polymerization of polymers.











3*1･5 The comparison of the polymerization rates of
styrene, o-chlorostyrene and p-chlorostyrene
The polymerization rates of three monomers were
compared. As is seen from Table 4-2, the polymerization
rates fall in the order styrene>p-chlorostyrene> o-
chlorostyrene. Later, in Chapter 10, the monomer re-
activity of these three monomers in the cationic copoly-
merization will be shown to be in the order of styrene>
o-chlorostyrene>p-chlorostyrene, which does not coincide
with the order of the polymerization rate. The reason
of the discrepancy is not clear at present.
3.2 The determination of the rate constant ratio
3.2.1 The transfer and termination constant ratio in
the polymerization of p-chlorostyrene
In order to obtain rate constant ratios, polymeri-
zations of p-chlorostyrene were carried out in 25 ml.of
benzene or dichloroethane using various concentrations
of monomer. The right amount of chloroform was added to
avoid change in dielectric constant when monomer con-
centration was reduced. Here determination of the rate
constant ratio in benzene will be shown by way of example.
The dielectric constant of the system is probably
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is the concentration of benzene (here constant). When
the reciprocal of the degree of polymerization of polymer
(p) was plotted against [S]/[M]or l/[M], a straight
line was obtained, the intercept of which gave the monomer
transfer constant ratio k^.m/kp and the slope the chain
transfer constant ratio for bdnzene k-fcs/kp. These re-









Fig. 4-15 The plot of l/p versus
p-Chlorostyrene―benze






= 1.22 x lCf5
3.2.2 The transfer and the termination constant ratio
of o-chlorostyrene
Since it can be assumed that dielectric constant of
o-chlorostyrene is almostly the same as that of chloroform,
polymerization of 12 ml.of o-chlorostyrene in 18 ml.of
benzene or dichloroethane was carried out, and the right
amottnt of chloroform was added when the monomer con-
centration decreased. A high monomer concentration was
required to obtain a measurable polymerization rate
(cf. 3.l). In consequence, the approximate value of
dielectric constant of the system was ca. 3≪5≫when the
unimolecular termination reaction is no longer negligible.9)
Then, eq≫(4-5) holds. Plotting the reciprocal of the
degree of polymerization versus [S]/[M], a straight
line was obtained from which k-tm/kp could be determined.
i/P = ktmAp + (ktsAp + V/V 1/[Sl) [SJ / [M] (4"5)
In eq. (4-5)> k+, = k+ + ktx [X] where k, and k. are the
rate constants for the unimolecular termination and the
reaction with impurity, respectively. These relationships












The plot of l/p versus [ S J / [M]
o-Chlorostyrene―benzene―50 C-SnCl4≪CCl3CQOH
[C] = 55 m mole/l. 9[CoJ = 14 m mole/l.Hm/*v = 4.80 x 10-^ kts/kp + kt/kp[S]
= 0.72 x 10"2
k-tn/kp was obtained similarly in dichloroethane.
3.2.3 The transfer and the termination reaction in the
polymerization of styrene
The cationic polymerization of styrene by stannic
chloride as catalyst has been widely investigated and
the rate constant ratios have been determined in various
solvents. ' However, the rate constant ratio in poly-
merization by stannic chloride ― trichloroacetic acid
has seldom been reported. Hence the present work on the
polymerization of styrene using stannic chloride ―
175-
trichloroacetic acid.
Styrene was polymerized at 30°Gusing stannic chloride.―
trichloroacetic acid as catalyst in toluene, toluene ―
chloroform mixed solvent and dichloroethane, and the
rate constant ratios were determined. The results of
polymerization in toluene will be given by way of example.
Since toluene has almostly the same dielectric
constant as styrene, the polymerization was carried out
keeping the total volume of styrene and toluene 30 ml.
and changing the monomer concentration. The reciprocal
of the degree of polymerization of polymer is given by
eq. (4-6),
1/P - ktm/k + k k .[r]/[M] (4-6)
where [ r 1 represents the concentration of toluene and
kr stands for the chain transfer constant to toluene.
Pig. 4-17 shows the plot of l/p against [r ] / [M ].
The rate constant ratio was determined similarly in di-
chloroethane.
The rate constant ratios for three kinds of monomers,






4=0 8.0 12=0 16.0
[rj/[Mj
The plot of l/p versus [r 1 / [M J
styrene―toluene―3O^C--SnCl4*CCl3COOH ,
ktnAp = 5-35 x 10"2, 1^/kp = 2.80 x 10"5
[C] = 20 m mole/l. [Col = 8 m mole/l.
Table 4-3 The monomer transfer constant ratios (k. /k xlCr)











* Approximate values of dielectric constants of the
polymerization systems, assuming that £=.S^ £±,
where "z is the approximate value, £i is dielectric
constant of i th component and Ui is volume fraction of
i th component.
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5≫3 ^he infrared spectrum of polymer
In order to ascertain the polymer end group the
infrared spectrum of polymer was investigated. The
infrared spectrum of poly-o-chlorostyrene obtained in the
present investigation is shown in Fig. 4-18. The number
average molecular weight of this polymer was ca. 10.
Weak absorptions at 910? 990 and 1640 cm"-*-may be ascribed
to a vinyl double bond. ' This view is supported by
the fact that these absorptions appear strongly with
monomer and disappear when the polymer has been bromini-
ated. The infrared spectrum of poly-o-chlorostyrene
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Fig. 4-18 The infrared absorption spectra of poly-o-
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The infrared absorption spectra of brominated
poly-o-chlorostyrene
After bromination the absorptions described above dis-
appeared and instead a new absorption appeared at 1220 cm" ,
which has not been assigned with certainty. It may be
due to a harmonic absorption by an aliphatic carbon-*-
bromine bond which shows an absorption at about 600 cm . '
The infrared spectrum of poly-p-chlorostyrene is
shown in Fig. 4-20. This polymer was produced in benzene
and had a degree of polymerization of about JO. It also
shows absorptions at 910 and 990 cm, which are ascribed
to a vinyl double bond ' because they appears strongly
in monomer and disappear after bromination of the polymer.
-179-
The infrared spectrum of brominated poly-p-chlorostyrene
is shown in Pig. 4-21. A new weak absorption at 1220 dm
appeared in the infrared spectrum of brominated poly-p-



























6≪>20 nm lite ≪≫ im 1300 tf#> 1100 mm ?#> m ≫
Wave number (cm"1)




Discussions will he given regarding the mechanism
of the monomer transfer reaction of chlorostyrenes. In
the cationic polymerizations of o- and p-chlorostyrene
under the various conditions, k-t^Ap decreased with in-
creasing dielectric constant of solvent as shown in Fig.
4-3, which is a characteristic feature for the styrene-
type monomer transfer reaction. As a result of the in-
vestigation on the monomer transfer reaction for metho-
xystyrenes in the previous Chapter, it was suggested that
the reaction of the growing ion-pair with the phenyl
group of monomer is important in the styrene-type monomer
transfer reaction. In order to investigate the validity
of this mechanism for the polymerization of chlorostyrenes,
the electronic and steric effect of chlororine atom
were considered by comparing k^m/k_ of chlorostyrenes
with that of styrene.
The approximate value of the ratio of the monomer
transfer constants (K ) for chlorostyrene and styrene
under the same condition was calculated by eq. (4-7) which




where rcist and r are the monomer reactivity ratios in
the cationic copolymerization of chlorostyrene and styrene
carried out under the same condition as when k.m/k was
determined. The experimental results of the copolymeri-
zation will be described in Chapter 10. The ratio of k
is shown in Table 4^4≫ But as noted in Chapter 3? no
conclusion is drawn from k, because the magnitude of k.tm ° tm
is determined by the reactivities of an attacking ion and
a monomer. Then, IL ' of chlorostyrene was calculated
according to eq. (3-I3) by inserting IL.' determined in
Chapter 10, R_ ' of styrene being taken as unity. The
results are shown in Table 4-4･






























* The data in upper column were obtained in solvent of
low D. C. (Ca.5)≫ and other data were obtained in
solvents of high D.C. (Ca. 9).
-182-
Judging from R* ratio, chlorostyrenes have much
smaller reactivity as a chain transfer reagent than
styrene. This is due to the decrease of electronegati-
vity of the phenyl group induced by the inductive effect
of chlorine atom. On the other hand, the comparison
between o- and p-chlorostyrene showed that o-chloro-
styrene is superior to p-isomer as chain transfer reagent.
This is due partly to the larger electron density^) and
partly to the smaller steric hindrance at the reaction
site (indicated by arrow) in the case of o-chlorostyrene




As described in the previous Chapter, there are
the following two possibilities (eq. (4-8) and (4-9))
in the styrene-type monomer transfer reaction, in which







O-CH ≫~CH * ^'
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Monomer j^ ＼<L r+) o,
* fTCH~v3 + CHt-CH. ..X
A C1 ^
c e // 2X







Pepper ^ was inclined to consider that eq, (4-9) re-
presents the mechanism. Both reactions are essentially
the same and are not easily distinguished by the pre-
sent kinetic investigation. However, the larger re-
activity of o-chlorostyrene as a chiin transfer agent
in the monomer transfer reaction compared with p-chloro-
styrene, as shown in Table 4-4> is satisfactorily ex-
plained on a basis that the reaction (4-8) takes place at
least in part. Thus the kinetic investigation supports
the mechanism of the styrene-type monomer transfer re-
action proposed in Chapter 3≫
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Spectroscopic analysis of the polymer structure also
supports the above conclusion, that is,that a vinyl
double bond can be incorporated onibyby reaction (4-8).
As the result of the reaction (4-8), a 1,2,4-trisubsti-
tuted benzene has to be formed both in poly-p-chloro-
styrene and in poly-o-chlorostyrene. The absorption due
to the trisubstituted benzene should appear in the wave
number range between 800 and 900 cm . With poly-p-
chlorostyrene a strong absorption at 820 cm interfered
with the analysis. In poly-o-chlorostyrene three weak
absorptions were detected in that region. There is some
support for the view that some of those absorptions may
be assigned to trisubstituted benzene ', but no definite
conclusion can be drawn because there is no simple method
of identification such as brominating the double bond.
Now the facility of the monomer transfer reaction
will be discussed in relationship to the ion-pair―free
ions equilibrium of the growing end. As lias already
been made clear, k^.m/k in tne cationic polymerization
of styrene and its derivatives is smaller for poly-
merization in a more polar solvent by a milder cata-
lyst to give a high molecular weight polymero This will
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be discussed in relation to reaction (4-8).
Let us consider the solvent effect with reaction
(4-8). It has been recognized in cationic polymerization
of styrene the propagation reaction is facilitated by
the dissociation of the ion-pair into free ions induced
by the increase of dielectric constant of solvent. ^'
The decrease of k^/lc- in the more polar solvent is
therefore ascribed to either the decrease of k^-m or the
increase of k^m to less extent than k . Reaction (4-8)
is a kind of Priedel-Crafts reaction. Brown et al.15)
from their kinetic investigation proposed that the
Friedel-Crafts reaction is not accelerated in the above
way by the increase of dielectric constant of solvent.
Brown stated in this connection that the Priedel-Crafts
reaction does not proceed through substitution mechanism
but proceeds through a displacement mechanism, and that
the attacking species need not be free ion. Since the
free ion form is more important in the propagation re-
action than in the reaction (4-8), k /k became smaller
in more polar solvent. This view is supported by an
experiment-^) in which, by changing the solvent from
carbon tetrachloride to dichloroethane, k was increased
more than k^.m to bring about decrease in k^/k^.
-186-




k l/mole/rain. k l/mole/min.
0.25 x 10**2 3.5 x 102 8.8 x 10"1
Next, the effect of the counter ion on reaction
(4-8) will be discussed. It was established that the
free ion form is important in the propagation reaction,
while the styrene-type monomer transfer reaction can take
place without dissociating the ion-pair. The reactivity
of the growing ion is required to be large in the monomer
transfer reaction, where a new bond is formed between a
cation and a phenyl group. The growing end, consisting
of a reactive carbonium ion or a reactive counter anion,
tends to form an ion-pair. Thus it can be said that the
monomer transfer reaction occurs more easily on the
growing end of ion-pair form . The effect of catalyst
on the reactivity of an ion-pair was considered in
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relationship to stannic chloride and titanium tetrachlo-
ride as examples. The stability of SnCl..A is possibly
larger than that of TiCl^X"' for the reason given in
Chapter 2. Consequently, the ion-pair C.^.TiCl^X
is considered to "be more reactive in the monomer transfer
reaction. The more acidic catalyst, titanium tetrachlo-
ride, therefore gives larger k^m/k
There should be a lot to be explained about the
effect of catalyst on the reactivity of the growing end.
But it is obvious that the nature of counter anion is
not directly connected with the reactivity of catalyst
in the initiation reaction, but must be discussed from
the stand point of the stability of anion (as above).
For example, in the cationic polymerization of isobutene
by titanium tetrachloride, which gives a large polymeri-
zation rate, ^tm/^p was sm&Her than with stannic chloride
which gives a small polymerization rate (in both cases,
the co-catalyst was trichloroacetic acid.). If this
experimental result is ascribed to difference of the
catalystic activity in the initiation reaction, k, /k
should become larger when titanium tetrachloride―water
is used in place of titanium tetrachloride―trichloro-
acetic acid, but the reverse was obtained. This is
-188-
satisfactorily explained by assuming a difference in
counter anion stability, viz. allowing for the change
distribution, TiCl ･CC1?COOR is to be regarded as more
stable and dissociating into free ions more readily
&than TiCl..OH .
The monomer transfer reaction in which the free
ion form is important is thus accelerated when trichlo-
roacetic acid is used as the co-catalyst.
It was established in the present investigation as
a result of investigation of the electronic and the
steric effect of the chlorine atom on the monomer transfer
reaction that the monomer transfer reaction takes place
by the interaction of the growing cation with the phenyl
group of monomer. The mechanism of the styrene-type
monomer transfer reaction was thus supported. Further-
more, from the effect of the polymerization condition
on k.j-m/k for styrene and its derivatives, it was de-
duced that the ion-pair form is more important in the
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Chapter 5 Methyl Vinyl Ether
1. Introduction
Prom foregoing experimental facts it was recognized
that the nature of the growing ion-pair affects the
transfer and termination reaction in the cationic poly-
merization, and mechanisms for the transfer and the ter-
mination reactions ?;ereproposed for isobutene and styrene
derivatives. In the polymerization of styrene derivatives,
the monomer transfer reaction takes place by attack of
a growing ion-pair on an electronegative phenyl group
of monomer. Alkyl vinyl ethers have ethereal oxygen in
themselves which is nucleophilic enough to act as the
transfer and termination agent ' in the cationic poly-
2)
merizs.tion. It has been reported by Eley an(i
Schidknech't*' that ethereal oxygen forms a complex with
cationic catalysts. The equilibrium constant "between
iodine and alkyl vinyl ethers is very large compared with
that between iodine and styrene derivatives. ' It is
therefore very interesting to investigate the effects
of catalyst and solvent on the degree of polymerization
of polymer in the cationic polymerization of such monomers.
In order to investigate the transfer and termination
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reactions in polymerization of monomers with an electron
donating substituent, the polymerizations were carried
out with alkyl vinyl ether. In this Chapter, the experi-
mental results for methvl vinvl ether will be described.
2. Experimental
2.1 Reagent
Methyl vinyl ether (Mitsubishi Chemical Co.) was
"bubbled repeatedly through aqueous potassium hydroxide
solution and water, dried through a long calcium chlo-
ride tube, and condensed in a buret cooled with dry-ice―
methanol. Monomer was added to a precooled. flask
containing a given amount of solvent.
Boron trifluoride etherate and stannic chloride-
trichloroacetic acid were used as catalysts, and were
purified in the way previously described.
Carbon tetrachloride, chloroform and methylene
chloride were used as solvents. They were purified in
the way previously described, special case being taken
to remove water.
2.2 Procedure
40 ml. of solvent were put in a 100 ml.flask and
monomer was added. When the monomer concentration is
-19^-
changed, the dielectric constant of the polymerization,
solution is changed, and in order to avoid this, the
right amount of chloroform, which is considered to have
about the same dielectric constant as monomer, was added
with decreasing the monomer concentration. The total
volume of polymerization solution was 50 ml.
Polymerization solution was prepared in a 100 ml.
flask fitted with a long calcium chloride tube and the
catalyst inlet, and cooled to a given temperature. The
polymerization was started by adding the catalyst through
the inlet, and stopped by adding ananoniacal petroleum
ether. The polymer was separated as a liquid phase,
which was washed repeatedly with hot water, and dried
in a vacuum at 40°C.
The broinination of polymer was carried out just
as described in Chapter 2.
The hydrolysis of the end group of the polymer and
the subsequent determination of the amount of aldehyde
eliminated were carried out as follows. To 50 ml.of
aqueous polymer solution with a concentration of 0.002-
0.005 mole/l., 50 ml. of N/lOO aqueous hydroxylamine
hydrochloride solution were added, and the mixture
allowed to react for two days. Any acetal group present,
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was hydrolyzed "by the hydrogen chloride, and the resul-
tant aldehyde was trapped by the hydroxylamine hydro-
chloride simultaneously, hydrogen chloride in amount
corresponding to aldehyde was eliminated, and this
hydrogen chloride was titrated by N/lOO aqueous sodium
hydroxide solution. The titration was carried out using
pH meter containing a glass electrode. The neutraliz-
ation point for sodium hydroxide and hydrogen chloride
eliminated after hydrolysis was found from the titration
curve. Moles of aldehyde vere calculated from the amount
of alkaline solution needed for the neutralization.
2.3 The calculation of the rate constant ratio
In order to calculate the rate constant ratio,
polymerizations were carried out changing the monomer
concentration over the range 1 ml./§0ml.(0.28 mole/L)
to 10ml./50 ml.(2.76 mole/L). Prom the relationship
between the initial monomer concentration ([M]) and the
degree of polymerization of polymer (P), the monomer
transfer constant ratio k /k and the unimolecular
termination constant ratio k+'/k were calculated using
" p
equation (5-l)≫
V? - ^mA-p^t'^p '
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l/[MJ (5-D
where kt' = kt + k , [X] and[X]represents the impurity.
The molecular ?;eight of polymer was calculated
from the intrinsic viscosity of the polymer in benzene
at 30 C, using equation (5-2).
[?J= 1.84 x 10"4 x M °'72
1 w (5-2)
Equation (5-2) gives a molecular weight somewhat
higher than does the equation reported by Manson et al.
However, in this investigation equation (5-2) was used.
6)
In the present polymerization, the degree of polymeriza-
tion of polymer is determined by the monomer transfer
reaction and the unimolecular termination reaction, the
ratio of M /M is considered to "be about 2. Discussions
w' n
given "below assume M /m = 2.
5. Re suits
3.1 General features
The polymerization system was yellow or dark brown.
The color of the system was darker, the higher the
catalyst/monomer ratio, the more polar the solvent and
the higher the temperature. The color almost vanished
when the terminating agent was added to the system.
However, when the polymerization system was colored
strongly, the resulting polymer was colored pale yellow.
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The reason for the coloration is not known. But even
when the polymerization system and the resulting polymer
were colored, the polymer dissolved readily in benzene
and there was no difference between the Huggins1 k'
primes for colored polymer and colorless polymer. So it
is safe to assume that there is no serious difference
between the structures of the two types of polymer.
Polymerizations could reach 100^ conversion.
The effects of solvent dielectric constant and of
catalyst on the intrinsic viscosity of the polymer in
the cationic polymerization of methyl vinyl ether are










Fig. 5-1 The relationship between the intrinsic viscosity
of polymethyl vinyl ether and the dielectric
constant (B.C.) of solvent at -20°C
CM 1 = 0.83 mole/l.(5 ml/50 ml.)
Catalyst (a)s BP5*O(C2Hc)2 60-90 m mole/l.
SnCl^CCl^COOH 2 - 3 m mole/l
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The intrinsic viscosity of polymer decreased with increas-
ing dielectric constant of solvent and increasing catalyst
acidity. The effect of solvent was the same as in the
isobutene polymerization, and the effect of catalyst was
the same as in the styrene polymerization.
3.2 The calculation of the rate constant ratio
In order to explain the behavior of the degree of
polymerization of polymer shown in Fig. 5-1 > the effect
of polyrusrization conditions on the transfer and the
termination reaction must be known. So a number of rate
constant ratios were calculated from the degree of poly-
merization of polymer using equation (5-l). Cases of
determination of the rate constant ratio are shown in
Pig. 5-2 a and b.
Rate constant ratios were determined for 10 kinds
of polymerization conditions and these are listed in
Table 5-1･ Since carbon tetrachloric'e freezes at -50 C,
polymerization in that solvent was not carried out at
that temperature.
Plotting the data of Table 5-1 against dielectric
constant of solvent, Pig. 5-3 a and b were obtained.



























Flg.5-2 The estimation of the rate constant ratio "by-
equation (5-1)
as CC1―BF3°O(C2H5)2 , -20°C
ktmAp = 1.54 x 10~5 kt'/kp= 1#1? x 10-3
b; CH2C32―SnCl4.CCl3eOOH, -50°C
ktmAp = 1.28 x 10-5 kt'/fcp = 2.92 x 10-3
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monomer transfer reaction or the unimolecular termination
reaction is promoted when polymerization is carried out
with a more polar solvent, at higher temperature or
using a more acidic catalyst (stannic chloride ･―tri-
chloroacetic acid)≪
The ratio oC of the two kinds of molecular weight-
determining reactions can be calculated from the rate
constant ratios of Table 5-1 using equation (5-3)･ Oi
is the approximate ratio (differential form) of the number
≪ = ktmLM]/(ktm[M] +k ') (5-3)
of the polymer end groups produced by the monomer transfer
reaction against the total number of the polymer end










































Pig. 5-3 The relationship between the rate













for the number of the polymer end groups produced by
the unimolecular termination reaction.
In order to correlate oC with end group structure,
bromination of polymer was carried out and the results
were compared with o(.in Table 5-2. It is clear that
the number of double bond in polymer correlates with the
monomer transfer reaction.
In order to obtain further information about the
end group structure produced by the transfer and the ter-
mination reactions, hydrolysis of the polymer end group
was carried out and the production of acetaldehyde was
investigated. If acetal, ketal and vinyl ether type
bond are present in the polymer, they are hydrolyzed by
acid to give aldehyde (or ketone) and alcohol. By
titrating the aldehyde produced information is afforded
regarding the end group structure of the polymer. Bisul-
fite method and hydroxylamine methods are used for the
determination of carbonyl group. In this investigation
the latter method was used because it is more exact.
The experimental procedure was described in 2.2. Fig.
5-4 a and b, exemplified the results. Pig. 5-4 a shows
the pH-curve of the titration by N/lOO aqueous sodium
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0 5 10 15 20 25 20
30 35 40 45 50 55 60
-y^Q-NaOH aq. solution (ml.)
Pig. 5-4 b
Pig. 5~4 ^he determination of carbonyl group in polymer-
the titration of NH2OB>HC1 by NaOH
ai H2O 50 ml.,JtB NH2OH≪HC1 aq. solution 50 ml.
bs aqueous solution of polymer 50ml.(cone.
1.3225g/5Ona.),-_l_NHHoOH-HCl aq. solution 50ml.
7100
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hydroxylamine hydrochloride solution (50 ml.)and distil-
lated water (50 ml.). Neutralization occurred at pH
8.65? and 49≪O ml. of aqueous sodium hydroxide solution
were used. Pig. 5-4 b shows the pH-curve in titration
by N/100 aqueous sodium hydroxide solution of the mix-
ture of N/lOO aqueous hydroxylamine hydrochloride solution
(50 ml.) with aqueous polymer solution (50 ml.). 50 ml.
of aqueous sodium hydroxide solution were necessary to
neutralize the hydrogen chloride in the system (neutraliz-
ing point was pH 8.08). Hydrogen chloride corresponding
to 1 ml.of u/lOO aqueous sodium hydroxide solution (50-
49 = l) is considered to be included in polymer. The
neutralization at pH of 5*25 is correlated with free
hydrogen chloride. 46.0 ml. of N/lOO aqueous sodium
hydroxide solution were consumed to neutralize free
hydrogen chloride. Then 45.0 ml.of M/lOO aqueous sodium
hydroxide solution (46.0-1.0= 45*0) corresponds to the
aldehyde produced by hydrolysis. The calculation showed
―Athat 4-59 x 10 ^ moles of aldehyde were produced by hydro-
sis of the polymer. A duplicate experiment gave
4.64 x 10~^" moles aldehyde, and 4≫6l x 10"^ moles was
taken as the mean. The experimental results are given

























































































































Polymers for hydrolysis were made at 0 C in order to
secure a low molecular weight polymer. The oC value
was calculated from the rate constant ratios at 0°C,which
were found by extrapolation of the rate constant ratios
at -20°and -50 C to 0 C, using an Irrhenius1 plot.
Linear relationships between log (rate constant ratio)
and the reciprocal of T are obtained in polymerizations
of oc -methylstyrene and isobutene. This relationship
is expected to hold for methyl vinyl ether.
It is seen from Table 5-3 that the polymer produced
in a system where the monomer transfer reaction predo-
minates gives more aldehyde by hydrolysis than is
obtained in other cases.
4. Discussion
4.1 Relationship between degree of polymerization
and polymerization conditions.
Prom Table 5-1 and Fig. 5-3 it is seen thatktm/k
andk.'/c behave similarly on changing the polymerization
x p
condition, that is, both increase with polymerization
in more polar solvent and when using a more acidic
catalyst. This corresponds to an experimental fact
shown in Table 5-1, viz. that the intrinsic viscosity
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of polymethyl vinyl ether was lower when the polymeriza-
tion was carried out in more polar solvent or by a more
acidic catalyst≪ So in order to get polymethyl vinyl
ether of high molecular weight, polymerization should be
carried out in less polar solvent, or using a less acidic
catalyst.
4.2 The monomer transfer reaction ,
(l) Monomer extraction of a proton from the penulti-
mate carbon is one of the possible mechanisms for the
monomer transfer reaction. But it was rejected because
in the bimolecular elimination reaction of branched
alkyl halides to give an olefin, 1-olefin is the major
product, due to the steric effect, and because with the
7)cationic polymerizations of isobutene ' and 06-methyl sty-
rene , the asymmetric disubstituted double bond pre-
dominates over the trisubstituted double bond. In the
present polymerization, (2) the cleavage of the ether-
bond of monomer by a growing ion-pair is proposed as an
alternative mechanism for the monomer transfer reaction.
The cleavage of the ether bond of monomer by a
growing ion-pair is essentially the same as Friedel-
Crafts reaction in that a highly reactive ionic species
is necessary. Since the use of stannic chloride -―trichloro-
-208-
acetic acid as catalyst, which forms a more reactive ion-
pair, resulted in larger k, /k value than boron
tm p
trifluoride etherate, which forms a less reactive ion-
pair, the experimental result is in good agreement with
thft a.hnvfivi sw.
9)The proposed mechanism ' of the ether cleavage by
















As an evidence for this mechanism, there is cited ex-
10)
perimental fact that the relative rate constants for
hydrolysis of acetal prepared from formaldehyde and an
alcohol lie in increasing order methyl 1 <ethyl 8.5 <
n-propyl 9*4<isopropyl 47≪25 methyl being taken as 1. The
the alkyl cation, the larger the rate
constant. This result shows that the carbon―oxygen
bond breaking step is the rate determining one. Bearing
this in mind, the increase of dielectric constant of
solvent is considered to facilitate the ether cleavage
-209-
reaction more than the propagation reaction. Then, the
observed solvent effect for k /k was also explainedtnr p
"oy the above mechanism.
If a view is taken that the monomer transfer reaction
is brought about by reaction of a growing cation with
a nucleophilic ethereal oxygen of the monomer, end group
(i) or (il) will be introduced in the polymer.
c e c
―CHo-GH. ..X + O-CH = CHo-≫~CHo-CH-―0 CH― GHO
0 CH, 0 6H,
1 ? l ■>
ktm |~~ " ktm
c 0 c









The end group (i) has a double bond, but the end group
(II) does not. Since the number of double bond in polymer
was proportional to the (X value, i.e., the monomer transfer
reaction (vide Table 5-2), the end group structure should
be of type (i).
In the acid catalyzed ether cleavage reaction, the
group broken off is generally the lower molecular weight
-210-
one of the two carbon-oxygen bonds. ' The question arises
what is broken here is whether the CHg = CH-0 bond
or the CHv-0 bond, and in this connection, both unsatura-
tion factor and molecular weight factor have to be taken
into account. If the molecular weight rule held here,
the CH^-O bond would be broken to give an end group of
type (i), and this obtained.
When end group (i) is hydrolyzed, two moles of








^CH9-CH + CH,CHO + CH,OH
0
As shown in Table 3, the polymer obtained under conditions
corresponding to &■= 0.85 produced 1.65 moles of aldehyde
when hydrolyzed. It is safe to conclude that if polymer
is produced under conditions such that CX = 1 (monomer
transfer reaction only) two moles of aldehyde will be
produced, corresponding exactly to what would be ex-
pected theoretically. Further, in Table 5-3 > "thepolymer
obtained under conditions corresponding to cC= 0.42 pro-
duced 0.97 moles of aldehyde when hydrolyzed. It is
further assumed that if the polymer is produced under
-211-
the conditions of a = 0.5 one mole of aldehyde will be
produced. OL = 0.5 means that the end group of half bhe
polymer was produced by the monomer transfer reaction.
Assuming that the polymer end group produced by the uni-
molecular termination reaction does not give rise to
aldehyde when hydrolyzed (and as this was established
later), the above result means that the polymer end
group produced by the monomer transfer reaction gives
two moles of aldehyde when hydrolyzed. This is again
in good agreement with what would be expected theroetically.
The end group (i) is the only one that has a double bond
and produces two moles of aldehyde when hydrolyzed.
It has never been reported that a carbonium ion
having an ether group attacks another ether to give an
acetal. However, the experimental observations that
ether acts as an inhibitor in the cationic polymerization
of styrene ' and that , a strong complex is formed between
oxygen of vinyl ether and cationic catalysts, ' suggest
strong carbonium ion affinity of ethereal oxygen of the
monomer and affords some support for the above mechanism
for the monomer transfer reaction.
4.3 The unimolecular termination reaction
The following three reactions are proposed for the
-212-
unimolecular termination reaction:―
(l) Unimolecular catalyst regeneration by a loss of
proton from the penultimate carbon to the counter
anion.










(2) Reconbination of the growing cation with the counter
anion or with part of the counter anion.
c e w i


















(3) Unimolecular cleavage of an ether bond in the growing
chain by a rear reaction of the growing cation.
CH2
c 0 kt / ＼







The mechanism (l) is discarded because the mechanism
(l) gives a double bond in the polymer, while Table 5-2
suggests that the polymer end produced by the unimolecular
termination reaction does not have the double bond.
The mechanism (2) is also discarded because it gives
a polymer end which gives aldehyde when hydrolyzed, while
Table 5-3 suggests that the polymer end produced by the
unimolecular termination reaction does not produce
aldehyde when hydrolyzed.
The mechanism (3) fulfills the requirements about
the double bond (Table 5-2) and the aldehyde (Table 5-3).
The end group (V) does not have a double bond and does
not produce aldehyde when hydrolyzed. Mechanism (3) is
essentially the same as the mechanism of the monomer
transfer reaction. As shown in Table 5-1 and Fig, 5-2,
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k-fc'/k-pwas found to behave just like k ^m/k with the
change of polymerization conditions, and this further
supports mechanism (3)≪ So, the mechanism of the uni-
molecular termination reaction was concluded to be mecha-
nism (3) giving end group (V).
Lots of tetrahydropyran derivatives of type (Vl) are
known. (VI) is hydrolyzed by acid catalyst to give (VIl).






Reaction of the growing1 cation with polymer comes to be
considered in connection with the mechanism of the monomer
transfer and the unimolecular termination reaction. Reaction
between two macromolecules such as these is expected to
occur to a considerable extent in polymerizations at high
monomer concentration and high conversion. But with the
present polymerization conditions it can be neglected
kinetically, as was confirmed by the straight line shown
in Fig. 5-2 a and b. The absence of the analogous
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reaction in styrene polymerization, that is, of chain
branching caused by reaction of a growing ion with the
phenyl group or with tertiary hydrogen of a dead polymer
was shown by Plesch-^) and Overberger. *' Hence reaction
between two macromolecules can be kinetically neglected
in the polymerization under the less severe conditions.
To conclude, it was established in the present
investigation that in the cationic polymerization of
methyl vinyl ether, the degree of polymerization of the
polymer decreases the higher the temperature, the stronger
the catalyst and the more polar the solvent, and that
this is due to marked occurrence of either the monomer trans-
fer reaction or the unimolecular termination reaction under
the given conditions. Taking together into account the
analysis of the polymer end group, it was concluded that
the monomer transfer reaction is ether cleavage of monomer
by a growing ion-pair, and that the unimolecular termination
reaction is ether cleavage of a growing ion by a rear
reaction to give acetal in the polymer.
-216-
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Chapter 6 Isobutyl and Tertiarybutyl Vinyl Ether
1. Introduction
Lower alkyl vinyl ethers are the reactive monomer
group in cationic polymerization and have long been the
subject of investigation. It was found in Chapter 5
that particularly in the cationic polymerization of methyl
vinyl ether,the degree of polymerization is smaller,
the more polar the solvent used, which is the reverse of
2)
what obtains in the styrene polymerization. Transfer and
termination reactions were found to be enhanced in the
more polar solvent, and reaction mechanisms for both re-
actions were proposed where interaction of a growing ion
with ethereal oxygen of monomer is important. Hence, it
is to be expected that the nature of the alfeyl group of
the monomer will have inductive, mesomeric and steric
effects on the reactions. So when attempting to clarify
the reaction mechanism, it is very important to investigate
the effects of alkyl groups on the transfer and the termin-
ation reactions. In the present Chapter, the polymerizations
of isobutyl and t-butyl vinyl ether were investigated on
the same basis as the methyl vinyl ether polymerization,




Isobutyl and t-butyl vinyl ether (Mitsubishi Chemical
Co.) were washed repeatedly with 5 i°aqueous sodium hydro-
xide solution and water until they gave no color with
ammonium molybdate, then dried over potassium hydroxide,
and distilled twice from sodium metal .iustbefore use
(b.p.s iosbutyl vinyl ether 81.8-82°C, lit. 83.2°GS t-
butyl vinyl ether 77-78°C, lit. 75°C).
Purification of solvent and catalyst was effected as
described previsouly.
2.2 Polymerization
The polymerization technic was almostly the same as
that employed in Chapter 5. Polymerizations were carried
out using boron trifluoride etherate as catalyst in n-
hexane, chloroform and methylene chloride. Precooled
monomer solution was added to precooled catalyst solution
to initiate the polymerization, because using the ordinary
method, i.e. the addition of catalyst to precooled monomer
solution, polymer precipitates to make the system hetero-
geneous. Catalyst concentration ranged from 2.0 to 6.0
m mole/l.and monomer concentration 2 to 20 vol.$. The
monomer concentration was reduced by adding right amount
-220-
of chloroform in order to avoid variation of dielectric
constant of the polymerization solution. Chloroform was
considered to have about the same dielectric constant as
the vinyl ethers. Isobutyl vinyl ether was polymerized
at -20° and -50°C, and t-butyl vinyl ether at -50°and
and -78°C. Polymerizations were stopped by the addition
of ammonia in methanol.
2.J Calculation of the rate constant ratio
Polymerizations were carried out varying the initial
monomer concentration [M], and the reciprocal of the
degree of polymerization of the resultant polymer was
plotted against the reciprocal of the monomer concentra-
tion. Using equation (6-1) the rate constant ratios were
calculated;―
^ =ktm^p +kt'/kp- VCMJ (6-1)
where k ' = k + k [X], and the solvent transfer reaction
was neglected.
The molecular weight of the polymer was calculated
from the intrinsic viscosity of a benzene solution at
30°C, using equation (6-2) and equation (6-3)≫
-221-
Polyisobutyl vinyl ether
[y ] ≫7.55 x 10"5 x <
Poly-t-butyl vinyl ether




5.1 Relationship between polymerization conditions and
the intrinsic viscosity of polymer
The dependency of the intrinsic viscosity of the
polymer on the polymerization conditions, especially on
the dielectric constant of solvent, was investigated, and
the experimental results are shown in Pig. 6-1 a and b.
Either isobutyl or t-butyl vinyl ether gives polymer of
lower molecular weight in a solvent of higher dielectric
constant, and the same tendency was found in isobutene
polymerization, but the reverse obtained with styrene2'.
3.2 Relationship between polymerization conditions and
the rate constant ratio
Examples relating to determination of the rate Constant
ratios using equation (6-1) are given in Fig. 6-2 a and b.
The rate constant ratios were determined in three
kinds of the solvents of different polarities, viz., n-



















Fig. 6-1 The relationship between the polarity of solvent
and the intrinsic viscosity of the polymer
as Isobutyl vinyl ether, (O):-78OC, O);-50°C,(≪fc-20°C
[ M 1 = 20 vol.<fo, BF5-O(C2H5)2 catalyst
* Dielectric constant of n-CgH]^ and CH2CI2 re-
ported by S. 0. Morgan and H. H. Lowry-
** Dielectric constant of mixed solvent calculated
from Onsagar's theory
bs t-Butyl vinyl ether, (O)s-78°C,(A);-50°C






















Pig. 6-2 The relationship between l/p and l/[M]
a; Isobutyl vinyl ether, -50°C, CHpClg
bs t-Butyl vinyl ether, -50°C, n-6gH14
-224-
are summarized in Table 6-l≪
Table 6-1 The rate constant ratios Tinder the various
polymerization conditions
Rate constant ratio k, /k x 104tm' p
ki'/k; x 104Xi p

































Since boron trifluoride etherate did not dissolve completely
into n-hexane over the temperature range -20 to -78 C,
it was necessary to shake the polymerization solution
continuously.
Plotting the rate constant ratios against the
dielectric constant of solvent gave Fig. 6-3 a. and h and














































Pig. 6-3 The plot of ktm/kp and k^'/kpversus the dielect-


























































Fig. 6-4 The plot of k. /k and k.'/k












Generally, it was observed, with a single exception
that either the monomer transfer reaction or the unimole-
cular termination reaction is favoured in a polar solvent.
The same was observed in the methyl vinyl ether polymeri-
zation, and afforded a kinetic explanation of why poly-
merization in polar solvent gave a polymer of low molecular
weight.
Polymerizations were also carried out using stannic
chloride― trichloroacetic acid as the catalyst, But
reactions other than polymerization predominated: particu-
larly in the polymerization of t-butyl vinyl ether a
methanol insoluble polymer was not obtained under the
present conditions. Similar results was observed in other
experiments with t-butyl vinyl ether. The effect of
catalyst on polymerization was not therefore investigated.
3-5 The structure of the end group of polymer
In order to investigate the end group structure,
polyisobutyl vinyl ether was brominated and hydrolyzed.
The experimental results are shown in Table 6-2. As
seen in Table 6-1, isobutyl vinyl ether gives a polymer
of considerably high molecular weight in polymerization
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molecular weight are not convenient for end group analysis,
the samples for end group analysis were prepared by poly-
merization at 50 or 40 C. The bromination was carried
out as in the case of polymethyl vinyl ether. The hydroly-
sis of polyisobutyl viryl ether, and determination of the
resultant aldehyde were carried out almostly exactly as
with polymethyl vinyl ether. However, since polyisobutyl
vinyl ether is not as soluble in water as polymethyl vinyl
ether, the hydrolysis was carried out in carbon tetrach-
loride with mixing with aqueous hydroxylamine―hyclrochloride
by continuous agitation. Distillated water was added to
the mixture on titration to make titration more precise.■*'
Table 6-2 showed that some of the polyisobutyl vinyl
ether contains double bond and some does not, and that
some of the polyisobutyr vinyl ether does not produce
aldehyde when hydrolyzed. Since the rate constant ratios
were not determined at J>0 or 40 C, true value of # could
not be calculated. In Table 6-2, OC at -20 C is listed.
assuming that o(.does not so greatly change with changing
the temperature from -20 C to 30°C or 40°C(judging by the
rate constant ratios tabulated in Fig. 6-1). Allowing
for the way in which the number of double bonds and
aldehyde groups depend on rV≫the conclusion reached in
-230-
Chapter 5≫ that the end group produced by the monomer
transfer reaction (oL= l) has a double bond and produces
two moles of aldehyde, holds good here too.
The end group of the polymer was also studied
by infrared spectroscopy. Infrared spectra of poly-t-
butyl vinyl ether are shown in Fig. 6-5 a, b and c. From
case of the end group of polymethyl vinyl ether, vinyl
type double bonds and the acetal bonds are to be expected
to be present at the ends of poly-t-butyl vinyl ether.
It has been reported that the vinyl group of alkyl
vinyl ethers has two absorptions at 960 and 810 cm . '
The poly-t-butyl vinyl ether obtained here has a weak
absorption at 950 cm , which was not detectable in a
high molecular weight polymer and disappeared on bromina-
tion. These experimental facts suggest that this absorp-
tion is due to a terminal vinyl group. However, some
absorptions due to the crystallinity have been found for
this polymer, and the absorption band at 950 cm **was
5)
ascribed to a syndiotactic structure. But the assignment
of that absorption is not at present unequivocal.
Furthermore, absorption due to acetal bonding would
be expected to appear at about 1100 cm . ' But this is
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Fig. 6-5 The infrared spectra of poly-t-butyl vinyl
ether
a: High molecular weight polymer, ff ]=
produced by BP -O(C H ) in n-CgH
b: Low molecular weight polymer, [r;] =
produced by BF .0(0 H ) in CH2CI2






ether which appears at about 1100 cm" . For the above
reasons the end group could not be satisfactorily studied
by the infrared spectroscopy.
4. Discussion
Prom the experimental results on methyl vinyl ether
polymerization, reaction (6-4)> in which a growing ion-
pair reacts with ethereal oxygen of a monomer, was proposed
for the monomer transfer reaction, and reaction (6-5), in
which a growing ion-pair reacts with ethereal oxygen of
the same growing ion-pair, by the rear reaction, was pro-
posed for the unimolecular termination reaction (R=CH ).
c e ktm c 0
~CHO-CH...X + O-CH = CHo-^≫ ~ CH_-CH-0-CH=CHo + R. ..X





















On the other hand, in cationic polymerization of
isobutyl and t-butyl vinyl ether the effect of dielectric
constant of solvent on the transfer and the termination
-234-
reaction was found to "be the same as was observed in
methyl vinyl ether polymerization, as is seen from Fig.
6-4 and Fig. 6-5. Furthermore, in the polymerizations of
butyl vinyl ethers using stannic chloride―trichloroacetic
acid as the catalyst, polymers of high molecular weight
were not obtained, and it was found from the elementary
analysis of the reaction product that reaction between
the catalyst and ethereal oxygen was promoted more than
when boron trifluoride etherate was used as the catalyst.
On the basis of this experimental fact it is conceivable
that in the polymerization of butyl vinyl ethers too, the
transfer and the termination constant ratios will increase
when a stronger Lewis acid is used as the catalyst, ana-
logous to what was found for the polymerization of methyl
vinyl ether. The resultant polyisobutyl vinyl ether was
proved to have an end group which contains a double bond
and produces aldehyde when hydrolyzed. This end group was
found experimentally to be given by the monomer transfer
reaction. From these experimental findings it was es-
tablished that the monomer transfer reaction and the uni-
molecular termination reaction in the cationic poly-
merization of butyl vinyl ethers (R = i-C L or t-C.H )
are reactions (6-4) and (6-5) respectively, just as in
-235-
methyl vinyl ether polymerization.
The largest difference in the experimental results
between methyl vinyl ether and butyl vinyl ethers exists
in respect of the following,viz., that with the former
k. /k and k, f/k were affected by the polymerization
xm p "C p
temperature rather than by the polymerization solvent
and that both reactions need considerable amounts of ac-
tivation energy even in a solvent as polar as methylene
chloride. However, in the polymerization of butyl vinyl
ethers, the rate constant ratios were affected by solvent
rather than by polymerization temperature, and both re-
actions needed considerable amounts of activation energy
in a non polar solvent such as n-hexane, but did not need
so much activation energy in such a polar solvent as
methylene chloride. Since just the same mechanisms (6-4)
and (6-5) are operative for the monomer transfer and uni-
molecular termination reactions in the polymerizations of
methyl vinyl ether and butyl vinyl ethers, the above difference
must be due to the difference in the nature of the alkyl
group.
Comparing the methyl group with isobutyl and t-butyl
group, the inductive effect of butyl groups is larger
than methyl group. As consequence, the ethereal oxygen
-236-
of butyl vinyl ether is more electronegative than that in
methyl vinyl ether, so in the former case the carbonium
ion attack is facililated, particularly. During the
breaking process of carbon―oxygen bonding, alkyl cation
or alkyl cation-like state will appear in the activated
state. In that case isobutyl and t-butyl cations are
less reactive than the methyl cation, which makes the
energy level of the activation state in the ether cleavage
reaction of butyl vinyl ethers lower than with methyl vinyl
ether. If the polarity of the solvent is high enough to
stabilize the cation by the solvation, the energy level
will be lowered yet further. This is a possible explan-
ation of the effects of solvent and temperature on the
transfer and termination reaction in the polymerization
of butyl vinyl ethers.
In copolymerization of isobutyl vinyl ether(M, )
with methyl vinyl ether (M?) with boron trifluoride etherate
as the catalyst at -78 C, the monomer reactivity ratio
r1 was 1≫6, and r_ was 0.4. If the equation (10-10)
holds, the ratio of the propagation constant is ca. 2.
"This leads to the conclusion that the absolute values of
the rate constant, k and k ' for isobutyl vinyl ether,
are smaller than those for methyl vinyl ether, though the
-237-
activation energies of those reactions in the case of iso-
butyl vinyl ether are considered to be smaller than with
methyl vinyl ether. This should be explicable in terms
of the frequency factor.
As is seen from Table 6-1 and Table 5-1, ktmAp in
the polymerization of alkyl vinyl ether is larger the more
polar the solvent. Since k is considered to increase
P
7)
with increasing solvent dielectric constant ', the increase
of k, /k should be due to the larger increase of k,
as compared with k with the increase in polarity of the
solvent. This suggests a need for high polarity in sol-
vating alkyl cation produced during the course of the
monomer transfer reaction, a view which was confirmed by
experimental results obtained by Kanoh et al. ' It follows
from Table 6-3, that k, increases more than k with in-
tm p
creasing solvent polarity.
Table 6-3 Polymerization of isobutyl vinyl ether by
iodine at 30°C8)












To conclude the discussion the problem of the stereo-
specific polymerization of an alkyl vinyl ether will be
considered. In low temperature homogeneous cationic poly-
merizations, an alkyl vinyl ether successfully produces a
stereospecific polymer. ' Regarding this, Bawn and
Ledwith proposed the following mechanism for stereo-
specific propagation with an alkyl vinyl ether,
V?H2
CH
i^ tt ; + C














The growing carbonium ion makes six-membered ring and is
stabilized by rear reaction. The entering monomer attacks
the carbonium ion always from the counter ion side. Then
the counter ion A interacts with either newly-formed
carbonium ion or the previously-existed carbonium ion,
-239-
and stabilizes by rear reaction on the same side as the
latter. By this mechanism, a monomer can be incorporated
into a growing chain without changing the steric configur-
ation of the carbonium ion.
If both of the mechanisms for stereospecific poly-
merization proposed by Bawn et al. and for the unimolecular
termination reaction proposed by the present author are
correct, there should be some correlation between stereo-
specificity and the degree of polymerization of polymer.
Glusker et al. ' reported on the contribution of the
rear reaction, by a six-membered ring formation, to anionic
stereospecific polymerization of methyl methacrylate, and
found a correlation between stereospecificity of poly
methyft methacrylate and molecular weight of polymer.
So, the relationship between stereospecificity and the
molecular weight of the present polymer would be interest-
ing to investigate.
To conclude, it was explained how, in view of the
present investigation and the experimental results of
Chapter 5? the alkyl vinyl ether gives a low molecular
weight polymer in the polymerization in a polar solvent.
The effect of solvent dielectric constant on the transfer
and termination reactions was found to be manifest markedly
-240-
in the order of methyl < isobutyl < t-butyl ･■vinyl ether.
This phenomenon was explained in term of the inductive
effect of alkyl groups.
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Part 3 The Properties of Polymer
The investigations described in Part 2 are in
principle based on the molecular weight of polymer. To
complete the investigation, the fundamental problems
regarding the molecular weight of polymer must be solved.
In connection with this, the molecular weight―intrinsic
visocisty relationship and the molecular weight distribu-
tion during the course of polymerization were here studied.
Furthermore, polymer stereospecificity and the abnormal
behavior of the molecular weight―intrinsic viscosity
relationship because of chain branching were investigaged.
Chapter 7 Poly- o(-methylstyrene
Section 7,1 Stereospecific Polymer
1. Introduction
Schildknecht ' reported that high molecular weight
crystalline polyalkyl vinyl ether could be produced "by
the low temperature polyphase polymerization. It has
2)
been reported from our laboratory ' that a stereospecific
polymer of alkyl Vinyl ether is produced by low temperature
homogeneous cationic polymerization, and the mechanism
of the stereospecific polymerization was interpreted in
-243-
relationship to the nature of the growing ion-pair. At
that time, OC-methyl -p-methyl styrene^' was the only
monomer that gave a crystalline polymer on low tempera-
ture cationic polymerization.
OC-Methylstyrene is a rather reactive monomer for
cationic polymerization and would be expected to have
about the same reactivity as methyl vinyl ether which
has relatively low reactivity among alkyl" vinyl ethers.
Though the extensive investigations had been carried
out on polyalkyl vinyl ether little was known about the
structure of poly-06-methylstyrene polymerized by homo-
geneous cationic polymerization. Schildknech t1) also
reported that methyl vinyl ether gave a crystalline
polymer when using n-hexane mixed with a little amount
of chloroform or toluene, that is, by activated poly-
merization. But the basis of the solvent effect is not
clear.
In this investigation the low temperature cationic
polymerization was carried out in a variety of mixed
solvents and the properties of the resultant polymer ,
were studied. As consequence, various interesting pro-
perties were observed for polymer produced by low tem-




The purification of the reagents and the polymeri-
zation procedures are described in Section 1.1.
Polymerizations were carried out in the mixed solvent
of n-hexane (non-solvent for the polymer) with toluene,
chloroform and methylene chloride (solvent for the polymer).
Boron trifluoride etherate was used as the catalyst. For
comparison, stannic chloride and aluminum chloride were
also used.
Experimental technics for the measurement of the
properties of polymer will be described later.
3. Results
3.1 The experimental condition giving benzene-insoluble
polymer
When the effect of the solvent composition on the
degree of polymerization of poly-od-methylstyrene was
being investigated by polymerizing at -78 C by boron
trifluoride etherate in n-hexane―chloroform mixed solvent,
it was found that poly-06-methylstyrene produced in
mixed solvent rich in chloroform was partially insoluble
in benzene at room temperature. Though the polymer was
-245-
insoluble in benzene which has been hitherto considered
to be a good solvent of poly-oi-methylstyrene, the
polymer dissolved in hot benzene (above 40 C), toluene,
xylene, chloroform and methylene chloride. The condi-
tions for the production of cold benzene-insoluble poly-
mer are given below.
The effect of the monomer concentration on the
production of cold benzene-insoluble polymer was inves-
tigated. When 10, 20, and 30 ml. of c£-methylstyrene
were polymerized in chloroform 60 ml.―n-hexane 20 ml.
nixed solvent at -78 C by boron trifluoride etherate,
there was little difference between the solubilities
of the polymer and a quantitative relationship between
monomer concentration and the amount of cold benzene-
insoluble fraction of the polymer was not obtained.
Next, the effect of extent of conversion on solubi-
lity was investigated. 20 ml. of monomer were polymerized
in the above condition. Cold benzene-insoluble material
was present when the polymerization was stopped at the
conversion of 70.9$ and 76.4$, but absent when the con-
version was 46.6$ and 58>T/°- There was no great difference
in the intrinsic viscosities of these polymers. Therefore,
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The solubility of polymer in cold benzene depended
on the polymerization temperature, the kind of catalyst,
the solvent composition and the conversion, but was in-
dependent of the catalyst concentration and the intrinsic
viscosity of polymer. The ratio of the cold benzene
insoluble part to the soluble part of the poly- ot-methy1-
styrene depended slightly on the condition of polymer
precipitation and was not strictly constant.
3.2 The solubility of polymer
The solubility of polymer produced using chloroform
80 mlr-inonomer 20 ml.and boron trifluoride etherate at
-78°C( [^ ] = I.69) was measured. Table 7-2 gives
qualitative results.
Besides the experiments shown in Table 7-2, the
solubility of polymer obtained using the mixed solvent
n-hexane 20 mlj―chloroform 60 ml. other conditions being
the same ( [^ ] = 1.78) was measured, and results resembl-
ing those of Table 7-2 were obtained. The special
features brought out by Table 7-2 is that the initially
cold benzene-insoluble polymer did not precipitate out
when left standing after dissolving once in hot benzene,
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of the initially cold benzene-insoluble polymer dissolved
up in cold benzene.
The rate of solution of the polymer insoluble in
cold benzene was measured at room temperature, and the
results are shown in Table 7-3.
Table 7-3 The rate of solution of poly-tt-methylstyrene


















* Sample A (C^]= I.69) was produced under the condition
as;―
chloroform 80 ml., monomer 20 mL, -20°C, BFyO(C2^)2
** Sample 33was produced under the same condition as
for"sample A, [>?]= 1.02
Depending on the polymerization condition, the part
insoluble in eold benzene could exceed 30^≪ I*1 cold
benzene it was like a gel, and its shape did not change
even after the standing for more than seven years with
-250-
occasional shaking.
The fraction of the sample B insoluble in cold
benzene mentioned in Table 7-3 was separated and dried
in a vacuum at room temperature. It was again immersed
in cold benzene. Then only 17≪1c/<>of polymer was ex-
tracted by cold benzene, and the rest, 82.9$? w&s present
as a gel.
As will be shown in the next Section, the cold
benzene-insoluble polymer behaved the same as the cold
benzene-soluble polymer in solution after solution by
heating.
3.5 The chemical structure of polymer
Since the cold "benzene-insoluble polymer dissolves
easily into hot benzene, toluene and other organic
solvents, the insolubility of polymer is not due to
crosslinking. The difference of the end group caused
by the chain transfer reaction in the different solvent
may give rise to the difference of the solubility. Polymer
produced at -78 C was extracted with benzene, and the
elementary analysis and infrared spectrum of the cold
benzene-soluble part and the insoluble part were investi-
gated. No difference was found between them. As these
-251-
polymers had high molecular weights they could not con-
veniently be analysed for end groups. Then the polymeri-
zation was effected at -20 C in toluene and chloroform.
Low molecular weight polymer can be obtained and the
solvent transfer reaction, if it obtains, occur fre-
quently. The infrared spectra of these polymers were
studied, but no difference was found. So it was concluded
that the difference in solubilities is not due to a dif-
ference in polymer end group.
The stereospecificity of polymer is considered to
be the cause of the abnormal solubility. It was reported^'
that a stereospecific poly-c£-methylstyrene obtained
with a Ziegler type catalyst showed an absorption at
885 cm"1 due to the crystallinity. The cold benzene-
insoluble poly-o(-methylstyrene obtained at -78 °C with
boron trifluoride etherate in chloroform 50$― n-hexane
50^ ( [V ] m I.45) showed a weak absorption at 895 cm" .
This absorption was weaker for polymer obtained at
-50°C in n-hexane 50$―methorlenechloride 50$ (D.P.= 591)
Pig. 2-5a shows how this absorption was much weaker
with the polymer obtained at -20 C. The relationship
between degree of light absorption and polymerization
temperature falls into line with what has been reported
-252-
by Sakurada , and the absorption may be due to the
crystallinity. In Chapter 2, however, this absorption
was found to disappear after the bromination, and it was
ascribed to terminal vinylidene type double bond.
Bywater et al. ' also came to the same conclusion about
it. But allowing for the high molecular weight of polymer
obtained at -78°C, the absorption at 895 cm" in cold
benzene-insoluble polymer is ascribable to crystallinity,
as Sakurada suggested. So a more plausible conclusion
is that the absorption at 895 cm sometimes corresponds
to crystallinity and sometimes to a vinylidene type of
double bond. In the case of the high molecular weight
polymer obtained at low temperature, the absorption
should be ascribed to crystallinity, and infrared
spectroscopy showed the polymer insoluble in cold benzene
to be crystalline.
3.4 The X-ray diagrams of the polymer
Above the relationship of the unusual solubility
of the polymer in benzene .to crystallinity was considered.
Since the same solubility phenomenon was also
^bs§rved with polystyrene, the idea of a connection
became more plausible. The polymer film was produced
-253-
from hot benzene solution of the cold benzene-insoluble
polymer produced at -78°Cby boron trifluoride etherate
in the mixed solvent of chloroform 75^―n-hexane 25$.
The film was submitted to X-ray analysis. Likewise X-
ray analysis was carried out on film from the cold
benzene-insoluble part and from the cold benzene-soluble
part. As shown in Table 7-4 > the cold benzene-insoluble
part gave a clearer diagram than the cold benzene-soluble
part. The results for poly-a -methyl-p-methylstyrene^' ,
which was the only polymer that was reported to be
crystalline, are also shown in Table 7~4≪ A close re-
semblance was observed between the two polymers.
In order to obtain a fiber diagram for this polymer,
it was stretched and submitted to X-ray analysis. The
polymer was oriented a little by the stretching to about
two or six times the original length. But on stretching
to over ten times the original length, the X-ray pattern
became diffuse, and using the same procedure, poly-a -
methylstyrene did not yield a fiber diagram.
It was found that when this polymer was heated in
air above 130°G the intrinsic viscosity fell and the
X-ray diagram of the polymer showed a halo. After
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insoluble dissolved easily in cold benzene.
The commonly employed crystallization technics such
as the boiling in non-solvent with subsequent stretching,
or thermal treatment with subsequent stretching, were
applied to the polymer in order to obtain a fiber diagram,
but all of these methods failed to secure the fiber
diagram5 see Table 7-7･
Failure to secure a fiber diagram by stretching,
thermal treatment, swelling in non-solvent and combina-
tions of these may be due to lack of complete separation
of the crystalline part.
For the comparison, the X-ray diagrams of powder
of low molecular weight polymer obtained at -20 C in
chloroform, and of sodium initiated polymer, were studied,
but a diagram as clear as the polymer of low temperature
polymerization was not obtained. The polymer produced
at -78 C by boron trifluoride etherate in toluene―≪n-
hexane mixed solvent did not show as sharp a diagram
as the polymer insoluble in cold benzene. These facts
are shown in Table 7-8*
The specific gravities of a film of the poly-cx-
methylstyrene produced in chloroform and in toluene were
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was determined by the float method in aqueous sugar
solution. There was no difference of the specific
gravity, though there was some difference of the solubility.
Table 7-9 Specific gravity of poly-a -methylstyrene
Sample Specific gravity















As Film of benzene-insoluble part of a polymer produced in
CHCI3 by BF3-O(C2H5)2.
Bs Film of benzene-soluble polymer produced in toluene by
BF3'O(C2H5)2.
Cs Film of benzene-soluble polymer produced in toluene by A|Clj
For the specific gravity of poly-cc-methylstyrene
Sakurada^' reported a value of I.O6O9-I.O634. He did
not find that it varied with polymerization catalyst.
He also reported that thermal treatment increased the
specific gravity a little, and ascribed this to a shift
of the polymer molecules to a more closely-packed state.
This is closely correlated with the slight increase of
the specific gravity by the stretching evidenced in
Table 7-9, and the above explanation may possibly hold
-260-
here too. There is also correlation with the orientation
as shown by the X-ray diagram, on stretching several-fold.
3*5 Viscosities of solutions in toluene and chloroform.
The unusual solubility of the polymer cannot be
completely ascribed to crystallinity, because the results
of X-ray analysis were not perfectly unambiguous and
there was no difference in behavior between solutions
of the polymer soluble in cold benzene and that insoluble
in cold benzene. The conformation of the polymer during
the polymerization process is important. In other words,
the experimental results are explained by entanglement
of polymer occurring during the propagation step, it
not being disentangled by contacting with benzene, though
entanglement was non-existent after it had dissolved
in benzene by heating. Next, information about expansion
of polymer molecules during the polymerization is im-
portant in connection with investigating the possibility
of entanglement. Since it is difficult to measure vis-
cosity at -78 C (polymerization temperature), the solvent
dependency of the intrinsic viscosity of a fractionated
sample was measured at 30 C. The experimental results
are shown in Table 7~10≫ The intrinsic visocisty of polymer
-261-
Table 7-10 The relationship between [ *[] of polymer
and the solvent used in the measurement
Of [ 77]
in chloroform is 1.1 times as great as that in toluene.
One would expect the polymer to be more expanded in
chloroform than in toluene.
4. Discussion
It was found in the present investigation that the
polymer produced at high conversion in the low tempera-
ture polymerization contains the part insoluble in cold
benzene. The unusual solubility is not due to cross-
linking or difference in end group structure: it was
considered to be due to crystallinity and polymer en-
tanglement. These two possibilities will be discussed
here in more detail.
The experimental facts that the benzene-insoluble
polymer was obtained in the.polymerization at high
-262-
conversion and that after dissolving by heating it behaved
in solution like the benzene-soluble polymer support the
entanglement hypothesis. This means that entaglement
of polymer chain took place only during the propagation
step. This view is also supported by the fact that more
polymer insoluble in cold benzene was formed in chloroform
than in toluene, and by the fact that poly-06-methylstyrene
expands more in chloroform than in toluene. A similar
effect of solvent on the entanglement of polymer has been
reported in the radical polymerization of acrylamide.
As seen in Section 7-2, poly-<x-methylstyrene is expanded
in the solution due to the presence of ot-methyl group,
which is appropriate for occurrence of entanglement. The
failure of the X-ray diagram to show orientation on
stretching may be explained by entanglement of the
polymer chains.
However, there are some experimental facts which
cannot be explained by entanglement but can only be
explained by stereoregularity of polymer.
Stereoregularity in the polymer was indicated by
certain experimental facts. Firstly, the benzene-in-
soluble fraction of polymer gave a sharp X-ray diagram,
while the benzene-soluble fraction gave a diffuse one.
-263-
Next, a certain polymerization solvent and only boron
trifluoride etherate gave the benzene-insoluble polymer.
This suggests that the nature of the growing ion-pair
was affected by the polymerization conditions, and
determined the propagation step and the stereospecificity
of polymer. It does not appear plausible that the
polymer entanglement would be affected by the nature of
the growing ion-pair- If it is considered that the
polymer insoluble in cold benzene obtained here is a
stereospecific poly-cX -methylstyrene, the present poly-
merization would be explained by the mechanism proposed
for the stereospecific polymerization of alkyl vinyl
ether by low temperature homogeneous cationic polymeri-
2)
zation. ' The behavior of the stereospecific poly-a -
methylstyrene obtained here closely resembles that of
the isotactic one obtained using a Ziegler-type catalyst. '
To secure an isotactic polymer in homogeneous cationic
polymerization, moderate ionic character of the growing
ion-pair, low temperature and repulsion between substitu-
ents are necessary. ' The experimental conditions
giving the benzene-insoluble polymer, i.e., polymeriz-
ation by boron trifluoride etherate in mixed solvent
comprising chloroform―n-hexane rich in chloroform or of
-.26A-
methylene chloride― n-hexane rich in n-hexane, are con-
ditions imparting a moderately ionic character to the
ion-pair. Toly-oC-methylstyrene insoluble in cold
benzene was produced only at low temperature. Furthermore,
as expected from the low ceiling temperature for on-methyl-
7)
styrene, ' considerable repulsion between substituents
may exist in the propagation step. Hence, conditions for
the production of isotactic polymer are fulfilled.
Sakuxada investigated the properties of poly-of-
methylstyrene produced under the various conditions.
Glass transition temperature, infrared spectroscopy, '
X-ray ' and nuclear magnetic resonance studies of the
polymer showed that stereoregularity of polymer is
affected by the polymerization catalyst in a decreasing
order Al^Hc^.TiCl^ BF5.O(C2H5)2 > TiCl4>K^Na.
g＼
He reported ' that the powder X-ray diagram of poly-rt-
methylstyrene obtained by Al(C2Hrj)2*Ticl4 and
BF*.0(C2Hc)2 was amorphous though both polymers showed
stereoregularity on measurement of physical properties.
However, the intensity ratio of the inner ging (9.1 A)
and the outer ring (5.4 A) of the powder X-ray diagram
changed with tacticity of polymer, though it remained
amorphous. Furthermore, he observed that the intensity
-265-
ratio changed according to crystallization treatment.
Summarizing, he concluded that since poly- a -methylstyrene
is harder than polystyrene because of the presence of
an oi-methyl group, crystallization of poly- oi-methyl-
styrene is highly hindered despite its stereoregularity,
and- that as stated above the tacticity of the polymer
affected the amorphous X-ray diagram.
The effect of the polymerization catalyst on the
solubility in benzene of poly- oi-methylstyrene obtained
in the present investigation was found to be in the
decreasing orders boron trifluoride etherate > stannic
chloride, aluminum chloride > sodium, which is the same
order as that observed by Sakurada. ' The experimental
facts that though the X-ray diagram of the benzene-
insoluble part showed a slight .orientation, it did not
give a fiber diagram on stretching and that the crystal-
line part seemed to be destroyed by extremely large
stretching will be explained on the basis suggested by
Sakurada, ' Poly-r.p-chloro'styrene, ' poly-p-iodostyrene, '
poly-p-methylstyrene '* ' and poly-o-methoxystyrene *'
were reported to be less crystallizable polymer in spite
of their stereoregularity. And poly-oi -methylstyrene
may be added to this group.
-266-
As stated above, entanglement and stereoregularity
were suggested as the reason for the polymer's "being
insoluble in cold benzene. Since neither factor working
separately can explain all of the experimental results,
it is reasonable to consider that they operate simulat-
neously. It is not impossible to assume that chain
entanglement at the propagation step takes place more
easily when stereospecific propagation occurs. But there
is no independent evidence to support this view.
To conclude, it was established in the present in-
vestigation that a polymer insoluble in cold benzene
was produced under polymerization conditions at -78 C
using boron trifluoride etherate in chloroform ―n-hexane
(chloroform-rich) or in methylene chloride―n-
hexane (n-hexane-rich). The fraction insoluble
in cold benzene gave a sharper X-ray diagram than the
soluble fraction, which suggests the fraction insoluble
in cold benzene is stereospecific. But a fiber diagram
was not obtained even after various crystallization
treatments, suggesting that the cold benzene-insoluble
fraction is less crystallizable in spite of its stereo-
specificity. On the other hand, the entanglement of
the polymer chain was suggested as another cause of the
insolubility in cold benzene.
-267-
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Section 7.2 The Molecular Weight
1. Introduction
It was found in Section 1.1 that poly-(X-methyl-
styrenes having a wide range of molecular weights were
obtained by cationic polymerization in mixed solvents.
However, the intrinsic viscosity―molecular weight relation-
ship of high molecular weight poly-U-methylstyrene was
not then reported. Heiligmann ' calculated the molecular
weight of poly-a-methylstyrene of large intrinsic vis-
cosity using the equation ' reported for low molecular
weight polystyrene, and the true molecular weight could
not be calculated. Hence in this investigation, the
molecular weight of fractionated poly- (X -meth,ylstyrene
was determined by the osmotic pressure measurement.
It Tras observed in Section 7*1 that the proportion of
polymer insoluble in cold benzene depended" on the polymeriz-
ation conditions. It was investigated whether there is
some difference between the solution properties of
polymer soluble in cold benzene and insoluble polymer,
and it was found that there is no difference between the
solution properties, so use of the same intrinsic vis-
cosity―molecular weight equation for both types of
-270-
polymer was confirmed to be satisfactory-
It is interesting to compare poly-a-methylstyrene
with polystyrene in connection with the effect of a -
methyl group. The effect of oi-methyl group on the ex-
pansion of polymer in solution was investigated vis-a-vis
the polymer entanglement proposed in Section 7≪1≪
2. Experimental and Results
2.1 Preparation and fractionation of sample
The poly-Ct-methylstyrene soluble in cold benzene
was prepared under the following conditions.
























23*85 g,of sample F-a and 29.60 g.of sample P-b were
dissolved into mixed solvent comprising benzene (2 1^
and toluene (1.7 1.)≫and fractionated by precipitating
with methanol. Poly-tf-methylstyrene was fractionated



































































































































































The molecular weights of the fractions underlined were
measured. In the present fractionation experiment the
molecular weight distribution curve calculated using
the intrinsic viscosity-^-molecular weight equation given
below clearly exhibited two peaks.
In order to obtain poly-od-methylstyrene containing
the benzene-insoluble part, the polymerization was
carried out under the following donditionss―











Using the method described in the previous Section,
poly-cX -methylstyrene thus obtained was divided into
parts soluble and insoluble in cold benzene, the in-
soluble material amounting to about fifty percent of
the original by weight. The polymer insoluble in cold
benzene was fractionated into several fractions employing
the same procedure as was used with samples F-a and
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P-b. The course of the fractionation is shown in Table
7-12. Almost all of these fractions were readily soluble
in benzene at room temperature.
2.2 Measurement of osmotic pressure
The osmotic pressure of the benzene solution of poly-
oC-methylstyrene was carried out by using Gee-type osmometer
at 30 + 0.01 C. Denitrated collodion film made from
collodion with which ethylcellosolve was mixed in amount
depending on the drying temperature was used as semiper-
meable film. The measurements were carried out on five
fractions of the polymer soluble in cold benzene and three
fractions of insoluble material. With the polymer in-
soluble in cold benzene measurements were carried out with
a few samples because fractionation of this polymer was
considered, to be incomplete. A linear relationship was
not observed between the concentration of polymer, G,
and tc/C, which suggests a need to take into account the
third term of equation (7-l)≪
7Z7/C = (7T/C)0 (1 + ^C + r3C2+ ....) (7-1)
Assuming that /'L equals g /I and g equals 0.25 as




[ 1 + ( r2/2)C ] (7-2)
[ 1 + (A2M/2)C ] (7-2-)










Fig. 7-1 Osmotic pressure measurement of benzene-
soluble poly- oi-methylstyrene
The experimental results from Fig. 7-1 are summarized in
Table 7-13.
Though it is to be expected that the second virial
coefficient A? will decrease with increase in molecular
weight of polymer, a clear relationship between A^-value
and the molecular weight was not observed in this experiment,
as is seen from Table 7-13*
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The relationship between intrinsic viscosity
and molecular weight of polymer is shown in Fig. 7-2.
This relationship is essentially the same for polymer
soluble or insoluble in the cold benzene. To obtain the









Fig. 7-2 The relationship between the intrinsic viscosity




plots of the intrinsic viscosity and the molecular weight
was made using polymer insoluble in cold benzene, vide
Pig. 7-3-
A straight line was obtained, from which the in-
trinsic viscosity―molecular weight equation, as determined
by the least square method was found to be:―
[77 J = 2.49 x 10~4 x M°* 47 (7-3)
The intrinsic viscosity value of the polymer on which










Fig. 7-5 ^he logalithmic plot of the intrinsic viscosity
against the molecular weight of benzene-soluble
poly- (V -methylstyrene
in equation (7-3) and the corresponding molecular v/eight
calculated, and this ws,scompared with the practical
molecular weight. The two were in good agreement.
2.3 The behavior of stereospecific polymer and the expanded
chain of -poly-oC-methylstyrene
The composition of the critical consolute mixture
comprizing benzene and methanol was determined at J>0C
according to Shultz's method. The polymer precipitation
temperatures were determined on four kinds of poly-QC"
methylstyrene with different molecular weight.(755000,
532600, 209600, and 74950), using benzene―methanol mixture
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of three different compositions, and for four kinds of
polymer concentration (0.4≫ 0.3,0.2 and 0.1 g./lOOml.)
Prom these experiments Fig. 7-4 was obtained, which gives
the content of methanol in the critical consolute mixture
which precipitates polymer of infinite molecular weight
at infinite dilution and 30 C. The composition of Q -













Pig. 7-4 The relationship between the molecular
weight and the composition of mixed solvent
on the precipitation point at 30°C
(O) j Benzene-soluble polymer
(･): Benzene-insoluble polymer
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For comparison, the measurements were carried out
with polymer insoluble in cold benzene too. The experi-
mental results are plotted in Fig. 7-4*
Next, the intrinsic viscosities of four fractionated
poly- ot-methylstyrenes were measured in 0-solvent, and
are represented as [^ ]a in Table 7-14*
Table 7-14 The viscosity measurement in & solvent
Sample No. M from eq.(7-3)
M5°°c





















The number average molecular weight of these polymers
calculated by equation (7-3) was plotted against
in Fig. 7~5≫ The straight line in Fig. 7~5 corresponds
to the relationship " f? ]q oc M°#^°". So the following
relationship was confirmed for 0 -solvent.







4 .5 5.0 5-5 6.0
log Mil
Fig. 7-5 The logalithmic plot of the molecular weight
against [^ J0 (30°C)
The straight line is drawn theoretically,
the slope being l/2.
3≪ Discussion
The intrinsic viscosity―molecular weight equation
was determined for benzene solutions of the fractionated
poly- ci-methylstyrene obtained in this investigation.
This equation showed clearly that the molecular weights
of poly-ol-methylstyrenes obtained in Section 1.1 were
from about fifty thousand to about two million. The
molecular weight of poly-&-methylstyrene found by
Heiligmann et al. ' is as high as several million as
deduced from its intrinsic viscosity. Though they cal-
-281-
culated the molecular weight distribution by using the
relationship "[V]°^M", their results should be greatly
modified.
For poly-(X-methylstyrene other intrinsic viscosity―
molecular weight equations have been reported since equa-
tion (7-3) was given. The followings are representative:―
[yj]= 7.81 x io~5 x i0*75
25 C, Toluene solution
Molecular weight: (3~6O) x 10
Polymer obtained by sodium naphthyl
at -78 C in tetrahydrofuran.
Molecular weight determined "by
Ar>r>_>TiVial rt mchVinr)
1? = 1.08 x 10"4 x M°'71
30 C, Toluene solution
Molecular weight; (3-66) x l(r
Polymer was obtained by sodium naphthyl
at -78°Cin tetrahydrofuran.
Molecular weight determined by




[]j].l,lx 10"5 x P°*87 (7-7)8)
30°C,Toluene solution
Degree of polymerization s 860-4100
Polymer obtained using sodium metal
and fractionated in benzene-isopropanol system.
Molecular weight determined by
light scattering.
In Fig. 7-6 equations (7-3), (7-5), (7-6) and (7-7) are





4 5 _ 6
log M
Fig. 7-6 Comparison between the intrinsic viscosity-
molecular weight equations for poly-a -
methylstyrene
that equation (7-5) and equation (7-6) relate to the
intrinsic viscosity at 25°C and 30°Crespectively, both
straight lines are in very close agreement. Furthermore,
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taking into account that equation (7-3) concerns the
intrinsic viscosity in benzene and that the intrinsic
viscosity of poly-tx -methylstyrene is larger in benzene
than in toluene (cf. Table 7-10), the agreement among
equations (7-3). (7-5) and (7-6) is fairly good, especially
in the high molecular weight range. Equation (7-7) shows
a slightly different behavior to the others.
The properties of the polymer insoluble in cold
benze'ne seem to be essentially the same as those of the
polymer soluble in cold benzene when it has once been
dissolved. The results shown in Table 7-13 would suggest
that the A -values for the polymer soluble in cold benzene
are slightly larger than those for the insoluble polymer.
But because, as was mentioned above,fractionation of the
insoluble polymer was not complete,the matter has been
left for further study.
9)Danusso ' measured the osmotic pressure of toluene
solutions of isotactic polystyrene and atactic polystyrene
at 30 C, and calculated the A -values. He found that
the A-value for isotactic polystyrene was smaller than
that for atactic polystyrene if the two molecular weights
were the same. If the relationship between A -value and
steric configuration found by Danusso holds for other
-284-
polymers, and if the poly-oi-methylstyrene insoluble in
cold benzene obtained here is isotactic, the small dif-
ference between the A_-values in Table 7-13 might have
some significance.
Next, poly-d-methylstyrene will be compared with
polystyrene. Little has been reported on measurement
of osmotic pressure of benzene solutions of polystyrene
at 30 C, which are very relevant to the present work.
Plory ' measured the osmotic pressure of toluene solutions
of polystyrene and found an A -value of 2.19 x 10 for
polystyrene of molecular weight 158 x 10 , and 5≪13x 10
4 9)for polystyrene of molecular weight 7-20 x 10 . Danusso
measured the osmotic pressure of toluene solutions of poly-
styrene at 30 C, and found that A?-values for atactic
polystyrene of 2.95 x 10 for a molecular weight 85 x
10 , and 5.00 x 10*^ for a molecular weight 7.6 x KT.
Assuming that the A_-value of polystyrene does not change
on the changing the solvent from toluene to benzene, it
follows that the A?-value of poly- OL-methylstyrene is
smaller than that of polystyrene.
Comparing the volume expansion factor o£=tyVWe
for voly-&-methylstyrene with that for polystyrene in




was clearly larger thanO^ for poly- oi-methylstyrene.
Flory11^ reported on polystyrene that 065 = l.?0 (molecular
weight : 63IOO) and OC^ = 3.16 (molecular weight: 838000)
from measurement of [V]q in cyclohexane at 34 C and in-
trinsic viscosity in benzene at 25°C. These values were
compared with those of poly-c£-methylstyrene listed in
Table 7-14, though the intrinsic viscosity of poly-a -
methylstyrene was measured at 30 C. Then it was found
that (X-1 for polystyrene was larger than for poly-(X-
methylstyrene, and that benzene is a better solvent for
polystyrene than for poly-oi-methylstyrene.
In order to ascertain the effect of the OL -methyl
group on the chain expansion of poly-&-methylstyrene,
the end-to-end distance of the polymer in the Q -solvent
should be discussed. Ibrom equation (7-4) s K equals
9.68 x 10 , which is related to the mean square of the
end-to-end distance of polymer, <Cr > , and the universal
parameter $ by equation (7-8).
K = § ≪T2Q> / M )5/2
Putting $ = 2.1 x 1021 15'




Taking the carbon-carbon distance of the main chain as
1.54 A and the bond angle 109-5 > and assuming free
rotation of the main chain around a carbon-carbon bond,
the mean square of the end-to-end distance of polymer
< r ,^> would be
≪r; > / M)l/2 = 283 x 10"11 A (7-10)
For pcOy-of.-methylstyrene at 30 C, equation (7-ll) is
derived from equations (7-9) and (7-10),
(<5*>/<^f> )l/2 o 2o73 (7-11)
This value is larger than 2.44 (25°C) or 2.33 (70°C)
for polystyrene ', which clearly means that in poly-
Ct-methylstyrene there is some steric hindrance of free
rotation of main chain due to the methyl group.
7)Sirianni ' studied the intrinsic viscosity in Q-
solvent―the molecular weight equation for poly-(%-
methylstyrene obtained by sodium naphtyl in tetrahydrofuran
at -78 C with a sharply-defined molecular weight and for
polystyrene sharply fractionated, and found that the two
equations were the same. So for poly-(X-methylstyrene
and polystyrene which have the same chain length, the
former exhibits an intrinsic viscosity which is higher
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by about ICP/othan that exhibited by the latter. Therefore,
it was concluded that the ot -methyl group in poly-c<.-
methylstyrene hinders the free rotation of the polymer
chain and makes the chain more expanded.
Kurata et al. ' calculated the chain expansion of
poly-OL-methylstyrene in A -solvent on the basis of
Sirianni's data, ( <r^> /(i^})1'2 being found to be
2.30 ± 0.10 if the universal parameter c§ was taken as
2.87 x 1021. The same authors10^ calculated ≪r^> /<^f>)
for atactic polystyrene as 2.22 + 0.05 (~30°C) and 2.15
(70°C), using a ^ -value of 2.87 x 10 ･ These calculated
results again show that in Q -solvent the poly-ot-methyl -
styrene chain is more expanded than that of polystyrene.
In conclusion, the following points were demonstrated
by the present investigation. With a benzene solution of
the fractionated sample from high molecular weight poly-
Oi-methylstyrene produced by low temperature cationic
polymerization, measurement of intrinsic viscosity and
the osmotic pressure gave the following equation,
[71 } - 2.49 x 10"4 x l^*647
This equation enables the molecular weight of poly-a;-
-288-
methylstyrene to be calculated.
For a critical consolute solution consisting methanol
20.6 vol.$ and benzene 79.4 vol.5^at 30°C,the following
relationship was obtained:―
[7/]g = 7.68 x 10"4 xl°'5°
Using this equation and equation (7-8) ≪r )>/<r )) '
was calculated as 2.75> which suggests that in Q -solvent,
poly-o(-methylstyrene is more expanded, due to CC-methyl
group, than is polystyrene. The behavior of the polymer
insoluble in cold benzene in solution was alraostly the
same as that of the polymer soluble in cold benzene,
after it was once dissolved.
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Chapter 8 The Molecular Weight and Molecular
Weight Distribution of Polystyrene
Obtained by Cationic Polymerization
1. Introduc ti on
It is generally difficult to produce polystyrene of
high molecular weight by cationic polymerization at room
temperature. This is mainly due to a marked occurrence
of the transfer reactions at high temperatures. It was
reported from our laboratory ' that the monomer transfer
reaction is important in determining the molecular weight
of polystyrene in cationic polymerization by stannic
2)
chloride in a non-polar solvent. Litt, however, re-
calculated those experimental results and showed that the
monomer transfer reaction is of minor importance in poly-
merization of styrene in dichloroethane.
These arguments are based on the average molecular
weight of polystyrene calculated from the intrinsic
viscosity. To discuss the above in more detail, in-
formation on the molecular weight distribution of poly-
styrene is therefore needed. Atkins et al.^J found that
polystyrene obtained by stannic chloride-catalyzed poly-
merization has long branched chains, due to a chain trans-
fer reaction to polymer, and pointed the inapplicability of
-291-
the normal intrinsic viscosity ― molecular weight equations
to that kind of polystyrene. Furthermore, Overberger et
al.^' have found an increase of weight average molecular
weight of polystyrene with the increase of polymerization
conversion, and have ascribed it to appearance of chain
branching caused by a polymer transfer reaction. All of
those polymerization were carried out in nitrobenzene or
in nitrobenzene― carbaitetrachloride. On the other hand,
it was reported from our laboratory that the intrinsic
viscosity of polystyrene decreased with increasing
conversion when styrene was polymerized in dichloroethane
with stannic chloride or boron trifluoride complex as the
catalyst, and that there was no evidence for chain branch-
ing.1)^)
The present investigation was carried out in order
to obtain information about the polymer and monomer trans-
fer reactions in cationic polymerization of styrene, for
which purpose the intrinsic viscosity―molecular weight
relationship for polystyrene and the variation of polymer
molecular weight during polymerization were studied.
As consequence, evidence for chain branching due to
the polymer transfer reaction was not found in polymeri-
zation of styrene in dichloroethane, but was found with a
-292-
solvent mixture containing nitrobenzene. Furthermore, it
was confirmed that there is a monomer transfer reaction
under the polymerization conditions.
2. Experimental and Results
2.1 Relationship between intrinsic viscosity and molecular
weight for polystyrene obtained by cationic poly-
merization
All of the polymerizations of styrene in which Atkins
et al. and Overberger et al. found the chain branching
were carried out using stannic chloride as the catalyst
in carbon tetrachloride―nitrobenzene mixed solvent. In
the present investigation, therefore, the intrinsic vis-
cosity―molecular weight relationship was studied for
polystyrene produced in dichloroethane. As will be seen
later, polystyrene obtained in dichloroethane does not
have branched chains.
Polystyrene was produced under the conditions shown
in Table 8-1. A 2 fo solution of polystyrene in benzene
was fractionated at 30°Cby adding methanol. The first
addition of methanol to the polymer solution caused some
polystyrene (P-l) to separate, leaving a solution (S-l).
The solid fraction (P-l) was again dissolved in benzene
and fractionated, by addition of methanol, into polystyrene
-293-
Table 8-1 Conditions synthesizing polystyrene
for the determination of molecular weight
(initial monomer concentration? 30 Vol.$,
Solvent t dichloroethane 70 vol.j£f
Polymerization temperature s -20°C)












(P-2) and solution (S-2). The solution (S-2) was mixed
with solution (S-l) and subjected to further fractionation.
' The results of fractionation are summarized in Table
8-2. The intrinsic viscosity of each fraction in "benzene
or methyl ethyl ketone at 30 C is also shown in Table 8-2.
The molecular weight of some of the polystyrene
fractions were found by a light scattering method, a
Shimadzu light scattering photometer of the Brice type
being used. Measurements were made for wave length of
436 m u.in methyl ethyl ketone at room temperature, using
a semi-octagonal cell and the triangle method. The
apparatus was calibrated on standard polystyrene''
obtained from the Committee for Molecular Weight Deter-
-294-
mination of the High Polymer Society of Japan or by using
a Shimadzu standard diffuser. The refractive index con-
centration gradient for the polymer (3n/3c) obtained
from literature was taken as 0.231 (C: g./ml.).
Table 8-3 summarizes the weight average molecular
weight and the second virial coefficient thus obtained.
In Table 8-5, molecular weights of polystyrenes free from
i6hain branching and calculated using the intrinsic vis-
cosity―molecular weight equation reported by Atkins et
al. are also shown, the two sets of values of molecular
weight being in good agreement.
Using the results shown in Table 8-3, the relation-
ships between the intrinsic viscosity and weight average
molecular weight, and between the second virial coefficient
and weight average molecular weight, for the present
polystyrene are graphed in Figs. 8-1 and 8-2, respecti-
vely.
It is seen from Fig. 8-1, that whenever the poly-
merization is carried out in dichloroethane, no abnormality
is noticed in intrinsic viscosity―molecular weight
relationship even with polystyrene produced at high
conversion. The conversion does not seem to affect the
second virial coefficient, though the experimental error
-295-
Table 8-2 The fractionation of polystyrene obtained by
low temperature polymerization
(Polymerization condition is described in Table
8-1)
(a) Fractionation of polystyrene obtained in low conversion.
Sample No. Weight fraction
r77j5O°C


















































(b) Practionation of polystyrene obtained in high
conversion
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4.9 5.0 5-1 _5-2
log %
5≪3 5.4 5.5
Relationship between [ tf] and M on the fraction-
ated polystyrene obtained in cationic
polymerization
( m)i LA-polymer
( o n LB-polymer
(low conversion)/
(high conversion)
4-9 5-0 5-l_ 5.2 5-3 5=4 5-5
log Mw
Fig. 8-2 Relationship between A (MEK, room temperature) and
M on the fractionated polystyrene obtained in
cationic polymerization
(.･): LA-polymer (low conversion)
(O): LB-polymer (high conversion)
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in the latter makes precise discussion difficult.
For the fractionated polystyrene produced in dich-
loroethane using stannic chloride as the catalyst the
equations below hold between the weight average molecular
weight and the intrinsic viscosity in benzene or methyl
ethyl ketone, independent of the polymerization conversion.
Of these that for methyl ethyl ketone solution agrees
fairly well with Atkin's equation^' found at 25°C.




Pig. 8-1 shows that in the molecular weight range, there
is no abnormality due to chain branching. Hence it can
safely be concluded that polystyrene produced in dichlo-
roethane does not have branched chains.
2.2 Variation in molecular weight of polystyrene as
polymerization progresses
If chain branching appears during polymerization,
as Overberger et al. ' proposed, it might be expected
that the weight average molecular weight of polymer
would increase with increasing polymerization conversion.
-300-
Unless the polymer transfer reaction occurred decrease
of molecular weight of polymer produced at high conver-
sion due to decrease of monomer concentration might be
expected (if polymer molecular weight is controlled by
the monomer transfer reaction only, it will not change
with conversion.)*
In the present investigation, styrene was polymerized
using boron trifluoride etherate or stannic chloride as
the catalyst, in dichloroethane, nitrobenzene or nitro-
benzene―carbon tetrachloride, and the molecular weight
of the polystyrene was studied in relation to conversion.
Polymerizations were carried out under dry nitrogen
in a flask equipped with rubber cap. A known amount of
the polymerizing solution was taken from the falsk by a
syringe through the rubber film at suitable intervals.
Polymer was precipitated in a large amount of methanol.
Conversion and the intrinsic viscosity in benzene at
50 C were determined. Reagents were purified as described
previously. The water content in the polymerization
system rras as low as 0.8-4 m mole/l.
The experimental results are shown in Figs. 8-3 >
8-4, 8-5, 8-6 and 8-7. As is clear from Fig. 8-3, the





















Fig. 8-3b Conversion (</o)
Pig. 8-5 Relationship between C?Jand conversion in
dichloroethane, BF3≪0(C2H5)2,rMJo= 20 vol.$
bs Relationship between [7] and conversion
to* [BF3 O(C2H5)2 ]= 6.5 m mole/l.,[H20] = 9.7 m mole/l
0 Temp. =30°C






























Pig. 8-4 Relationship between [?|]and conversion in
nitrobenzene―carbai tetrachloride mixed solvent
(1:1)
[SnCl JQ = 24 m mole/L, [M]Q- 20 vol.^, Temp.=0°C
as Time ― conversion curve
























Fig. 8-5 Relationship "between [ rjJand conversion in
nitrobenzene―carbon, tetrachloride mixed
solvent (lsl)
･0(C2H5)2]0= n≪9 m mole/l.,
= 20 vol.%, Temp. = 30°C
ime―conversion curve



























Pig. 8-6 Relationship between [ 1J]and conversion in
nitrobenzene
[ SnClJ = 1.0 m mole/L, [Mj =20 vol.fo,
[HpO]^ 2 3.7 m mole/L, Temp. = 30°C
as Time―conversion curve
































Fig. 8-*7 Relationship between [ ^ ]and conversion in
nitrobenzene, BF,.O(C2Hc)2 ,




Relationship between [ ri]and conversion
[BF3≪O(C2H5)2it>= 1.0 m mole/l., Temp. =





conversion in dichloroethane. The results shown here
are for boron trifluoride etherate-catalyzed polymeriz-
ation. The same results were obtained with stannic
chloride-catalyzed polymerization, as previously reported
from this laboratory . On the other hand, with poly-
merization in nitrobenzene or in nitrobenzene―carbon
tetrachloride, the polymer intrinsic viscosity did not
decrease with increasing conversion in the polymerization
caused by stannic chloride as is seen in Pigs. 8-4 and
8-6. In polymerization in nitrobenzene on in nitrobenzene― -
carbon tetrachloride and catalyzed by boron trifluoride
etherate, the polymer intrinsic viscosity decreases to a
minor extent compared with polymerization in dichloro-
ethane, as is seen from Figs- 8-5 and 8-7-
Now the question whether the intrinsic viscosity
measured gives the molecular weight is an important one.
So polystyrene was prepared in systems where the polymer
intrinsic viscosity decreased with conversion (boron
trifluoride etherate―dichloroethane) and where it did not
(stannic chloride―nitrobenzene―carbon tetrachloride).
The weight average molecular weights of the polystyrenes
thus obtained were measured by an ultracentrifuge. Here
the weight average molecular weight was measured instead
-307-
of the number average molecular weight, as the latter
includes more experimental error than does the former,
owing to the possibility of losing low molecular weight
polystyrene when polymer obtained at high conversion is
recovered from the polymerization solution by adding
methanol. The extent of polymer recovery in the preci-
pitation method was investigated by weighing the polymer
recovered by evoporating the methanol of the filtrate
and it was found that about lc/oof the total polymer
would be lost in it. The ultracentrifuge was used
instead of light scattering for the molecular weight
measurement, as with the latter method the effect of im-
purity (dust etc.) is large particularly with low molecu-
lar weight polystyrenes. The light scattering method was
used in addition for high molecular weight polystyrene.
Measurement of molecular weight by the ultracentrifuge
was carried out in methyl ethyl ketone solution using
Archibald method ' with a Spinco ultracentrifuge.
Molecular weights of the present polystyrenes were found
using 15,000 to 20,000 r.p.m. Fig. 8-8 shows that the apparent
molecular weights were determined at different polymer
concentrations; the true molecular weight was estimated










0.1 0.2 0.3 0.4 0.5
Concentration (g./lOO ml)
Fig. 8-8 Molecular weight measurement by Archibald
method,styrene (2O^)-(CH2Cl)2 (8$)-BFv0(C2Hc)2
―0°C
(ft): Conversion 9.C$, [rj}= O.338,
＼= 7.6x 104
CO): Conversion 97-5^, ＼jj]= 0.197,
M^ = 3.6 x 104
Styrene(2O7b)―CC14(4OC^)―C6H51TO2(4O%)―SnCl4―0°C
CO); Conversion 41.&70,F7]]= 0.240, M^ = 6.1xlO4
CD): Conversion 91'&A, [t|]= 0.237, Mw = 6.5xlO4
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Molecular weights of unfractionated polystyrene as
determined by the ultracentrifuge and light scattering
methods are listed in Table 8-4･
Experimental results shown in Table 8-4 are plotted
in Pig. 8-9≪ Polystyrenes obtained in dichloroethane
fit well on a straight line, whereas those obtained in
nitrobenzene―carbon tetrachloride deviate from a straight
line at the higher molecular weight. This would suggest
that with the latter there is chain branching. Fig. 8-9
,^aveequation (8-2') relating weight average molecular
weight and intrinsic viscosity of unfractionated poly-
styrene, equation (8-9) differs from equation (8-2) only
in respect of experimental error,
[ 7 1|°°C = 1.0 x 10-4 x I0'72 (8-2')
L i JBenzene w v '
2.3 Variation of the molecular weight of polystyrene
during polymerization and estimation of the monomer
transfer constant ratio
As stated previously^ polymer molecular weight
should be constant during polymerization if the monomer
transfer reaction controls molecular weight, as shown in






























































































































































































polymerization of polymer produced instantaneously and
J for the number average degree of polymerization of
total polymer, Pn
?n *
is given by:1)'10) ―
r[4
k l/p dM (8-3)
^n = ktm/kp + ktI(ln[M-lo-ln[M]f)/kp([M-1o-[M^ ) (8"4)
where k and k. are the rate constants for the propaga-
tion and the monomer transfer reactions respectively, k '
is the sum of the rate constants for all of transfer and
termination reactions not involving monomer, [M] and
[ML are the initial and residual (at the time of measure-
ment) monomer concentrations respectively.
Plotting conversions and molecular weights found
from Figs. 8-3, 8-4, 8-5, 8-6 and 8-7 gave k. /k and
"Cm p
k,'/k of equation (8-4)≪ The calculation results are
t p
plotted in Fig. 8-10 and the resultant rate constant
ratios are summarized in Table 8-5.
At the inttial stage of polymerization, degree of
polymerization of polymer will be given by equation (8-5).













4.5 4.6 4-7 4.8 4-9 5*0 5-1 5.2
log Mw
Pig. 8-9 Relationship between [ r[](30°C, benzene) and
ff of unfractionated polystyrene prepared under
various conditions
(.･):polymer obtained in dichloroethane
eo)J polymer obtained in nitrobenzene―carbon
tetrachloride (l:l) mixed solvent
By determining the degree of polymerization of polymer
obtained for various initial monomer concentrations,
k, /k and k. '/k could be calculated using equation
(8-5). Since many investigations employing the above
method have been reported from our laboratory, 1:L) details
of the estimation of rate constant ratios are not given
here, and only the results of calculation are shown in



















Fig. 8-10 The plot of l/p against (ln[Mj -ln[Mjf)X[Mj -[Mjf)
according to equation (8-4)
0.5 Polymerization by SnCl/
(o;: C6H5HO2-CC14, 0°C,kt /k = 0.74 x 10"^,kfc'/k =^0
(A^s C6H5NO2 , 30°C, ktm/kp = 1.16 x 10~2 kt'An
= O.IJ x 10"2 ^
b s Polymerization "by BP3.O(C2H5)2 at 30°C
(O): C6F5NO2-CCI4 , ktmAp = 0*66 x 10~2
k+'A:,, = 0.50 x 10-2
CA); C^H5nS2, k tm/kp=0.7 3x10-2, k,!/kp= 0.30x10-2
















Pig. 8-11 Relationship between l/p and l/[Mjo
a; [SnClL = 1 m mole, 30°C, Styrene -CC14 20fo,
rvffJoo SOfo, k. /k = 0.52 x 10-2
s O~C,
C6HJO2 d tm/k C
kJ.;kp = 1.03 x 10*2
bs [BF,.O(C2Hc)2] = 1 m mole,
20^, C6H5WO2 BOfo, ktm/kp
kt^ = 1.13 x 10-2
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30°C, Styrene ―CC1 -
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Tat>le 8-5, also gives data for the stannic chloride ―
dichloroethane system previously reported from our labo-
ratory . The transfer constant ratios calculated from
the variation of molecular weight during polymerization
and those derived when varying the initial monomer con-
centration agree well when dichloroethane is the solvent
(see Table 8-5)≫but do not when nitrobenzene or nitro-
benzene―carbon tetrachloride is. In these latter, poly-
styrene of unexpectedly higher molecular weight is pro-
duced at higher conversions, implying occurrence of chain
transfer to polymer when nitrobenene is present.
This finding is in accord with the finding that poly-
styrene of molecular weight unexpectedly higher than its
intrinsic viscosity would lead one to expect is produced
in nitrobenzene (see Fig, 8-9)･
2.4 Molecular weight distribution of polystyrene produced
by cationic polymerization
The experimental results of the foregoing sections
showed, that there is no polymer transfer reaction in
dichloroethane. Here in an attempt to demonstrate
occurrence of a monomer transfer reaction, the intrinsic
viscosity―molecular weight relationship was determined by
molecular weight determination on polystyrene formed by
-317-
cationic polymerization in dichloroethane. Jordan et
12)al. ' investigated in detail the molecular weight dis-
tribution of polystyrene obtained by cationic polymeriz-
ation. In our laboratory, polystyrene obtained in a non-
polar solvent was fractionated by Spencer's method, leading
to the conclusion that the monomer transfer reaction
controls the molecular weight of polystyrene. ' Now,
the following reactions were considered,
Propagation M * + M L, M * (8-6)
kt






M * + M > P + M* (8-8)
t r
For k, ≫ k , the weight fraction of polymer having
a chain length of r(W )? the number average degree of
polymerization (P ), the weight average degree of poly-
merization (P ) and their ratio (P /P ) are given by,
WT - [(kt'Ap)/[M] {l+(kt'/kp).l/LM])r][M]° (8-9)
. _ Mf - tMJo
n inLMJ - lntK] ' ~ipr
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(8-10)
Pw - (CMjf + [M]o)-4L_
p/p _ [*]0 + [M]f
w' n ―
tMj - [M]f [M]f














Focussing attention on the P /p ratio, it is found
that in equation (8-16) it is always two, and that even
for k, '>>k^m it is, according to equation (8-12) 2.1 at
less than 50$ conversion, and 2.26 at 70$, 2.41 at 80$
and 2.82 at 90$ conversions. Therefore, it can safely
be said that when polymerization does not lead to chain
branching, P /? for polymer obtained in cationic poly-
merization is about 2, save at extremely high conversion.
That the intrinsic viscosity―molecular weight equation
for unfractionated polystyrene differs from that for
fractionated polystyrene only in respect of the experimental
-319-
error is seen in Fig. 8-9- This is partly due to the in-
completeness of the fractionation. Assuming M /M to be
2 for those;polystyrenes, equations (8-17) and (8-18)







Pepper ' first gave the intrinsic viscosity―molecu-
lar weight equation (8-19) for unfractionated polystyrene
obtained by cationic polymerization, and later '
equation (8-20) as a better one,
[T[ j = 2.27 x 10"4 x M°*72




All of the intrinsic viscosity―molecular weight
equations for polystyrene so far reported are shown in
Pig. 8-12. Equations (8-17) and (8-18), in which
Mw/Mn was assumed to be 2, give a molecular weight 1.5







0 0.2 0.4 0.6 0.8
[ 7 3 (100ml./g.)
Fig, 8-12 Comparison between the intrinsic viscosity―
molecular weight equations reported for
polystyrene obtained in cationic polymerization
( [ *?] in benzene) o~ _A _n c^
a(≫) s eq. (8-17) I? 13°QC= 5-60x10 W*65
b( x ) : eq. (8-18) { 7 15°°C=1.65xlO"4xl^72
c(@) s eq. (8-19) [7 j25 C= 2.27xlO~4xM°≪72
d(o) , eq. (e-2O)r7l5O°c= 4-37xio-4xi8.66
e(*)
f(")
≪ eq. (8-2) [ 7 15°°C= 2.27x1O-4xm£'65
s eq. (8-2.)[7]3O°C=l.OxlO-4xS°-72
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(8-20). Though a decisive conclusion cannot at present
be reached, with polystyrene free from chain branching
equation (8-2) here obtained well described the relation-
ship between intrinsic viscosity and weight average mole-
cular weight, and Pepper's equation (8-20) gave a good
description of the relationship between the intrinsic
viscosity and number average molecular weight. Equation
(8-18) obtained here may hold for polystyrene produced
at low conversion and with a distribution Mw/Mn ― 2.
However more data are required to confirm this conclusion.
Next, the molecular weight distributions for poly-
styrenes obtained under various conditions were determined,
and M^/m.^ ratios were calculated from the distribution
curves. From equations (8-12) and (8-16), the monomer
transfer reaction should obtain if M^/Mn is 2, even at
high conversion.
The fractionation of polymer was carried out just
as for Table 8-1, that is, by the addition of methanol
to a benzene solution of the polymer. The results are
summarized in Table 8-6. As is seen in Table 8-6, M
w
from the distribution curve is in close agreement with
observed value but lw/ln is considerably smaller than
expected. It is not at present clear, and remains to be
-322-
explained, why this is the case, whether it is due to
loss of low molecular weight polystyrene during fraction-
ation, or on recovery of polymer from the polymerization
solution, or ivhether it is an essential characteristic
of the polymerization. Since in some cases M /m
■ w' n
was considerably less than 2, the fact that M^/Mn f°r
polystyrene obtained at high conversion was near 2 does
not necessarily imply importance of the monomer transfer
rear-tinn.
3. Discussion
Though there is some ambiguity about the molecular
weight distribution, the following can be said from the
present experimental resultss―
Taking into consideration the relationship between
the intrinsic viscosity and the molecular weight for
fractionated and unfractionated polystyrene, the polymer
produced in dichloroethane is free from chain branching.
On the other hand polystyrene produced in nitrobenzene ― car-
bon tetrachloride has a molecular weight higher than
would be expected from the intrinsic viscosity, suggesting
occurrence of chain branching.
This is reflected in the relationship between con-
-323-
version and polymer molecular weight, i.e., the intrinsic
viscosity of polystyrene produced in dichloroethane dec-
reases with increasing conversion as would be expected
of there was more than one transfer constant ratio, while
with polymerization in nitrobenzene or nitrobenzene―earbon
tetrachloride, the intrinsic viscosity is unchanged with
conversion suggesting an increase of molecular weight due
to the polymer transfer reaction.
Prom the above experimental results, it is quite
clear that polystyrene produced in solvent containing
nitrobenzene has a branched chain structure as was re-
ported by Atkins et al. and by Overberger et al.^/
quite unlike what obtains for polystyrene produced in
dichloroethane. It was reported **'that hydrogen is ex-
tracted from the back-bone of polystyrene by a Friedel-
Crafts catalyst such as aluminum chloride in nitrobenzene,
leading to chain branching, and it is probable that
nitrobenzene favors such chain branching. Hence it
could be concluded that polystyrene generally produced by
cationic polymerization does not always exhibit chain
branching, but that it arises under the stated polymeriz-
ation condition, and that disagreements between experimental
results are due, ultimately, to the polymerization solvent
-324-
used.
In polymerization in dichloroethane, the experimental
results (Table 8-5) are well explained by the monomer
transfer reaction as the molecular weight controlling
reaction, thus confirming occurrence of a monomer transfer
reaction. However, when an attempt is made to check the
occurrence of the monomer transfer reaction from the
Mnr/My, ratio an unexpectedly low value is obtained, and
no conclusion can "be drawn. With low-conversion, low-
temperature polymerization polystyrene particularly, the
ratio is considerably lower than two, which cannot be
explained by loss of low molecular weight polystyrene
during fractionation and remains to be investigated.







































a): A means Archibald method.
LS means light scattering method.
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Chapter 9 Poly-ortho-methoxystyrene and Poly-
para - methoxystyrene
1. Introduction
Chapter 3 describes the carrying out of cationic
polymerizations of ortho- and pare-methoxystyrene to
clarify the mechanism of the monomer transfer reaction in
polymerization of styrene derivatives, and there, the
monomer transfer constant ratio was calculated from the
degree of polymerization of the polymer and discussed.
At that time, however,little had been reported on the
intrinsic viscosity―molecular weight equations for those
polymers. There was only an intrinsic viscosity― molecu-
lar weight equation reported by Saito et al. ' for poly-
p-methoxystyrene obtained using a light scattering method
of molecular weight determination. In this Chapter the
molecular weights of poly-ortho-methoxystyrene and poly-
para-methoxystyrene were determined with precision by a
light scattering method.
To calculate the rate constant ratios from the
degree of polymerization of the polymers, the number
average molecular weight Mn must be known. Since deter-
-328-
mlnation of Mn is very difficult, rate constant ratios
were calculated using the viscosity average molecular
weight Mv, calculated by introducing the intrinsic vis-
cosity of unfractionated polymer into the intrinsic vis-
cosity―molecular weight equation for the fractionated
sample. This gave the apparent rate constant ratio, which
is Mn/lflvtimes as large as the true rate constant ratio.
Since M is considered to close to M , the weight average
molecular weight, it is very important in discussing the
rate constant ratio to know the molecular weight distribu-
tion. In general, M /m is 2 when the monomer transfer
reaction controls the degree of polymerization"1', but
it rises above 2 when polymerization involves either a
unimolecular termination reaction or a solvent transfer
reaction. For the discussion of the rate constant ratio
it is also important to know about variation of the mole-
cular weight distribution with extent of polymerization .
In this Cahpter, poly-p-methoxystyrenes prepared under
the different conditions were fractionated, and Mw and
and Mn were calculated, affording some information about
the relationship between the molecular weight distribution
and the conversion. The molecular weight distribution
calculated using the transfer and the termination constant
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ratios was compared with the actual molecular weight dis-
tribution, and the effect of molecular weight distribution
on estimation of the rate constant ratio is discussed.
In Chapter 3? steric repulsion due to the ortho-
methoxy- group was proposed to explain the experimental
results for the propagation reaction with o-methoxystyrene.
To obtain some information about the steric repulsion,
a study was made of the effects of ortho- and para-methoxy
groups on polymer chain expansion. To that end, Q -
solvents was sought for both polymers, and the expansion
of the poljrmer chain in a Q -solvent was discussed in
the light of the relationship between {^Q and the mole-
cular weight. This Chapter gives experimental results
relating to the a"bove.
2. Experimental and Results
2.1 Determination of the intrinsic viscosity―molecular
weight equation
2.1.1 Preparation and fractionation of polymer
Poly-p-methoxystyrene for fractionation was prepared
















Poly-p-methoxystyrene 8.872 g.was dissolved in benzene
1/,and fractionated into ten fractions at 30°Cusing
methanol as the precipitant (recovery 89*5^); molecular
weights of five fractions were determined.
Poly-o-methoxystyrene thermally polymerized at about
80 C (intrinsic viscosity 0.336) was used for fractionation,
and 48.5 g.was dissolved in "benzene 5 1-and fractionated
into seventeen fractions (recovery 94*7 c/°)an<l molecular
weights of five fractions determined.
2.1.2 Light scattering
The weight average molecular weights M of fraction-
ated poly- o-methoxystyrene and poly- p-methoxystyrene
were determined by the light scattering method, the method
being the same as in Chapter 8. Measurements were made
on methyl ethyl ketone solutions at room temperature using
a Brice-type light scattering photometer and a wave
length of 436 ma. The refractive index concentration
gradient (c?n/<?C) was found to be 0.210 for poly-o-
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methoxystyrene and 0.211 for poly- p-methoxystyrene .
M and the second virial coefficient A thus obtained
are summarized in Tables 9-1 and 9-2, respectively-
Table 9-1 ^he molecular weight and the second virial



































The relationship between the intrinsic viscosity
and M for the present polymer is plotted in Figs, 9-1w
and 9-2, which are based on the data of Tables 9-1 and
9-2.
From the above Figures, equations (9-l), (9-2),
(9-3) and (9-4) were obtained for the intrinsic viscosity
―molecular weight relationship:―
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Table 9-2 The molecular weight and the second virial
coefficient of poly-p-methoxystyrene in methyl
ethyl ketone
No.
L LJToluene [n]3°°CL L MEK





































Fig. 9-1 The intrinsic viscosity―molecular





















Poly-o-methoxystyrene (^° C = 6.4Oxl(T5xM°*71 (9-1)
Toluene
Poly-p-methoxystyrene
(?) 5°°C = 1.86xlO-4xM°-59 (9_2)
1 ' MEK w
f?)5000 = 5.28xlO-5x^-75 (9-3)
Toluene ^
[?}3°°c = 3.75xlO-5x^-^ (9-4)
° MEK
2.2 Variation of the polymer molecular weight distribution
during the progress of polymerization
2.2.1 Practionation of poly- p-methoxystyrene
As stated in the introduction, variation in polymer
molecular weight distribution during polymerization is
-334-
very important when calculating the rate constant ratios.






p * + M ±U P * (9-5)
n n+1 v Jl
k






The rate constant ratios will be given by equation (9-8),
^n =ktnAp + kt'/kp- V[M] (9-8)
where the notation used is that previously employed.
Use of Pv instead of Pn in equation (9-8) makes the re-
sultant rate constant ratio f /? times lager than the
n' v B
true rate constant ratio (in Part 2 all calculations used
Pv.). Hence to discuss the reaction mechanism in the
light of the rate constant ratios estimated under the
various conditions, it is very important to know how
Pv/Pn is related to the latter, estimated under the
various conditions.
If k^ ≫ k^.1, the molecular weight distribution of
the resultant polymer is constant for conversions (see
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equati on (8-16)),
P / P = 2
w ' n
However, if k, ' y k. (see equation (8-12)),
fA ■
(M) + (Mj [MJ
(MJo - Mf [M)f
(9-9)
(9-10)
the P /I? ratio is 2 at the beginning of the polymerization
and increases gradually irith increasing conversion (see
Fig. 9-5) ･ Equation (9-9) describes the case where the
molecular weight distribution of polymer is narrowest for
elementary reactions (9-5) - (9-7)･ On the other hand
equation (9-10) describes the case where the molecular
weight distribution is broadest under the same conditions.
But even then, P /P is as low as 2.41 at conversions as
high as 80?&. Generally in cationic polymerization of
vinyl monomers, k. is nearly equal to or a little larger"cm
than k,' as is seen in Part 2, suggesting that the actual
P /p ratio is usually 2.4 - 2.0. Since P /f is
found by experiment to be a little less than P /p , the
error in the rate constant ratio due to different mole-
cular weight distributions with different polymerization
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conditions may be neglected. Comparison of a rate cons-
tant ratio calculated from P with that from Pv obtained
under different polymerization conditions or at different
conversions can reasonably be made.
To make this clear, the following experiment was
carried out. p-Methoxystyrene was polymerized by boron
trifluoride etherate under the two different conditions
and the resultant poly-p-methoxystyrene was fractionated
to determine the molecular weight distribution (M /m ).
Poly-p-methoxystyrene was prepared under the conditions
shown in Table 9-3*


































Samples S and S1 were prepared at low conversion
with k+ ＼ k+'j and expected to have a Pw/Pn ratio near
-357-
2 according to equation (9-10). Sample B. was prepared
with high conversion with k, > k ', and expected to frave
a broad molecular weight distribution.
Sample S1 3≫56O6 g.was dissolved in benzene 500 ml.
and fractionated at J>0C using methanol as the precipitant.
The results are shown in Table 9~4≪ The polymer recovery
was 96.3/i and Pw/Pn was found to be 1.50.
Sample S 5.6236 g.we.s dissolved in benzene 600 ml.
and fractionated at 30°Gusing methanol as the precipitant.
The results are shown in Table 9~5≪ The recovery of polymer
= =
was 95 ･ 4/<>and Pw/Pn was found to be 1.86.
Sample B 8.2041 g.was dissolved in benzene 1 Land
fractionated at 30°Cusing methanol as the precipitant.
The results are shown in Table 9-6. The recovery of
polymer was 97･T/°and P /p was found to be 2.61.
In general, the number average molecular weight Mn
and the weight average molecular weight Mv are expressed
as, 4)
(9-11)
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where M. means the molecular weight of i-th kind of
polymer, EL denotes the number of polymer having a molecu-
lar weight Mj_, C^ is the concentration of polymer having
molecular vreight M. , and W. is the weight fraction of
polymer of molecular weight M..
Reactions (9-5)? (9-6) and (9-7) were assumed to
be the elementary reactions in cationic polymerization.
The number average degree of polymerization and the weight
average degree of polymerization of the instantaneously
produced polymer are denoted "byP and P , respectively.
Since during such a short period the concentrations of
reagents remain constant, the polymer has the "most
2) - - -
probable distribution" , i.e., P /p is 2. P is
given by equation (9-8). Starting the polymerization at
the initial concentration fM] and stopping the poly-
merization at the residual monomer concentration[M]≫,
the molecular weight distribution of resultant polymer
becomes broader than the "most probable distribution".
Putting the weight average molecular weight and the
number average molecular weight of total polymer as f
and f respectively, f > 2 f . The value of oi , which
is defined as ?W/Pn shows the broadness of the molecular
weight distribution. Pn and Pw are given by:-―
-342-
M f p(MJf
?n - jr1 dM/
L
1/Pn M (9-13)
r(Mjf _ /f(M]f Mt_ /Mf ,
Pw = ) PwdM/ dM = 2 Pndy＼ dM (9_14-
Substituting equation (9-8) for Pn and integrating, the













Substituting the monomer transfer constant ratio
and the unimolecular termination constant ratio for
k^m/k_ and k^'/k^ in equation (9-16) gives the theoreti-
cal values of Pn and Pw ･ ^or this purpose, the required
rate constant ratios were estimated under polymerization
conditions used for preparing samples S, S' and B and
were found by using equation (9-8) as in Chapter 3≪
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Pig. 9-3 l/Pv―l/f M]qrelationship for the cationic
polymerization of p-methoxystyrene in
carbon tetrachloride
■,. A, - 1 9R
^
nn-4ktmAp =l-25x 10-4
kt'/kp = 0.11 x 10~4
Substituting the rate constant ratios thus obtained in
equation (9-15) or (9-16), Pw and Pn can be calculated.
The rate constant ratios estimated above were calculated
from the degree of polymerization of polymer produced
at low conversion. Since Pw/?n is about 2 at the













Fig. 9-4 l/Pv ― l/CM]0 relationship for the cationic
polymerization of p-methoxystyrene in
dichloroethane
ktm/kp = 1.00 x 10-4
VAp =i.i7 x io~4
(9-15) and (9-16), the rate constant ratio obtained here
is about one half as large as the true rate constant
ratiol Then Pw and Pn calculated using the apparent
rate constant ratio is about twice as large as the true
molecular weight. The results of calculation are listed
in Table 9-7*
The calculated molecular weight distribution and
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with each other in Pig. 9-5≫ where the broken line represents
the theoretical case of k-fcm>k-fciand the unbroken line the
the theoretical case of k-j-m<C k-t1'
2.3 The effect of the methoxy group on the expanded polymer
chain
In investigation of the cationic polymerization of o-metho-
xystyrene described in Chapter 3? there was some evidence for a
steric effect of o-methoxy group in the propagation reaction.
Similar effects for an ortho-substituent were found in ionic
polymerizations of ortho-substituted styrenes e.g., cationic
polymerization of o-chlorostyrene, and anionic polymerization of
o-methylstyrene and vinyl mesitylene-^see Chapter 10).
In order to estima/te the steric interaction of the
ortho-substituent in the propagation reaction and to compare
the effect of an ortho-methoxy group on the comformation of
the polymer in solution with that of a para-methoxy group,
the molecular sizes of poly-o-methoxystyrene and poly-p-
methoxystyrene were measured in a Q -solvent.
For this purpose, Q -solvents for both polymers were
found. According to the method reported by Shultz"/, the
composition of toluene―methanol Q -solvent at 30°Cwas deter-
mined. Poly-o-rnethoxystyrene of molecular weight 295970*
255820, 223320 and 168420 and poly-p-methoxystyrene of mole-
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cular weight 926600, 659810, 420550, 399300 were used for
measurements. For all polymers the phase separation temperature
were determined in toluene―-methanolof three different com-
positions and at four different polymer concentrations (0.4,
0.3, 0.2 and 0.1 g/lOO ml.).
From these results the volume fraction of methanol in
the critical consolute mixture at 30°C, when the polymer of
infinite molecular weight begins to separate from solution,
can be calculated. The $-solvent compositions at 30°^ were
found to be methanol 25 vol$―toluene 75 vol.'/ofor poly-o-
methoxystyrene and methanol 28.1 vol.$―toluene 71.9 vol.fo for
poly-p-methoxystyrene. The 6-solvent determination for poly-
p-methoxystyrene is shown in Figo 9-6.
Intrinsic viscosities of four kinds of fractionated poly-
o-methoxystyrene and of five kinds of fractionated poly-p-
methoxystyrene were measured in 9-solvent at -30°C, and mea-
surements were also made in toluene and methyl ethyl ketone at
30°C. The expansion coefficient (X was calculated, and the
results are shown in Tables 9-8 and 9-9.
In Figs. (9-7) and (9-8), molecular weights of poly- p-
methoxystyrene calculated from the intrinsic viscosity in
toluene at 30*C using equation (9-2) or equation (9-4) were


























Fig. 9~6 Relationship between the composition of mixed
solvent and the molecular weight of poly-p-
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4.8 5.0 5-2 5-4 5-6 5-8 6.0 6.2
log 1
Fig. 9-8 The relationship between log(7] , and log M
for poly-p-methoxystyrene
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The straight lines in the Figure means thatfnl^l/P*^, In
Figs. 9-7 and 9-8 the following equations were obtained for
the intrinsic viscosity―molecular weight relationship in Q -
solvent at 3O°Cs―
Poly- o-methoxystyrene [V)d = 5.75xlO"4x l°≪50(9-17)
Poly- p-methoxystyrene (fj^ = 6.21xlO~4x M0#5°(9-I8)
To estimate the effects of the ortho- and para--methoxy
group in expanding the polystyrene chain, the molecular sizes
of polymetjioxystyrenes in ff -solvent were calculated. For
poly-o-metho:^ystyrene, equation (9-17) gives K = 5≪75xlO~ .
Equation (7-5) holds for K. By a calculation similar to that
of Section 7.2, (<fo2>/M)1/2=6.50x10 "^ was obtained. Assuming
free rotation around a single bond, (< rof >/m) ' -2.66x10"^
was obtained, and ( <fo^>/<rO|>^>)^/^ = 2.44･
On the other hand from equation (9-I8) for poly-p-metho-
xystyrene, K = 6.21xlO~4# Similarly, (<ro2>/M)1/2 = 6.66 x
10-9 and (<rof2>/H)1/2 = 2.66xlO"9, and (<xo2>j$o~2^l/2=2.50.
3- Discussion
3.1 Discussions of the intrinsic viscosity―molecular weight
relationship
In the present investigation, equations (9-l)-(9-4)
were obtained for the intrinsic viscosity―molecular
weight relationship. Mw of poly-p-methoxystyrene
was previously studied by Saito et al. ', and the following
-352-
equations reported?―
(?) = 2.40 x 10"4x M0/60 MEK, 25°C
-A -0.65 n
(^) = 1.80 x 10 4x M^. Toluene, 30°C
(9-19)
(9-20)
To compare the intrinsic viscosity―molecular weight
equations obtained here with those reported by Saito et
al., ' the logarithmic plot of the equations are given
in Fig. 9-9≪ When Saito et al. ' derived equations (9-
19) and (9-20), they used (dn/dC) 0.225 at 436 mju.in
methyl ethyl ketone. On the other hand, 0.211 was here
obtained for {dn/dc)', equations (9-19) and (9-20) was
recalculated using 0.211 instead of 0.225, leading to
equations (9-2l) and (9-22): ―
77
m
= 2.22 x 10"4 x i£#6° MEK 25°C
= 1.66 x 10"4 x M?°65 Toluene 30°C
(9-21)
(9-22)
Equation (9-22) was used to calculate the rate constant
ratios in Chapter 3. Fig. 9-9 shows equations (9-2l)
and (9-22) together.
Comparison of the intrinsic viscosity―molecular
weight equations determined for poly-p-methoxystyrene
under the same condition can be carried out with equations
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Pig. 9~9 The comparison between various intrinsic
viscosity―molecular weight equations
and (9-21).
Regarding the intrinsic viscosity―molecular weight
equation in toluene at 30 C, Saito's equation (9-20) is
in poor agreement with the present equation (9-3)･
Saito's modified equation (9-22), used in Chapter 3> is
intermediate between equations (9-3) and (9-20), and
agrees well with equation (9-3) especially at high molecu-
lar weights.
Regarding the intrinsic viscosity―molecular weight
equation in methyl ethyl ketone at 25°-3O°C,Saito's
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equation (9-19) is similarly in poor agreement with the
present equation (9-4). Saito's modified equation (9-21)
is intermediate between equations (9-4) and.(9-2l), and
agreemes well with equation (9-4) especially at high
molecular weights.
When the intrinsic viscosity―molecular weight
equations for poly-o- and p-methoxystyrene are compared,
it is seen that they behave differently in methyl ethyl
ketone at 30 C (comparison between equation (9-2) and
(9-4))･ Since the methoxy group is a polar one, it might
be suggested that when that group is introduced into the
phenyl group of styrene, a dipole is induced in the
polymer, and that this interacts with the dipole of the
solvent, methyl ethyl ketone. However, in toluene at
30 C both behave very similarly (comparison of equation
(9-1) with (9-3))- Saito et al.1' studied the molecular
weight dependency of the intrinsic viscosity for poly-
styrene, poly-p-chlorostyrene and poly-p-methoxystyrene
and foimd no serious differences between them. They
concluded that the major solution properties of poly-
styrene derivatives are decided by the phenyl group, and
that introduction of para-chloro and para -ncthoxy groups
in the phenyl nucleus has only a minor effect. It is
-355-
clear from the present investigation, that at least in
non-polar solvent such as toluene the properties of the
o-methoxy group exerts little effect upon the solution
properties of the polymer.
Though it is interesting to note the relationship
between A? and the molecular weight, the experimental
errors in A are such that detailed discussion is im-
possible. Saito ' reported a value of A?, I.3-I.6 x
10 "% for poly-p-methoxystyrene of molecular weight
2.2-9*0 x 10 in methyl ethyl ketone, in fairly good
agreement with A_ values reported here. Values of A^
for poly-o-methoxystyrene are much smaller than those
for poly-p-methoxystyrene. It is evident that poly-o-
methoxystyrene is less soluble in methyl ethyl ketone
than poly-p-methoxystyrene judging both by A values as
well as from the intrinsic viscosity―molecular weight
equations.
3.2 Dependence of molecular weight distribution on
polymerization conditions.
As is shown in Fig. 9-59 M^/Mo. changes with the
polymerization conversion, there the behavior for Myr/Mn
= 2 being shown by a broken line, while the behavior for
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the case of the most widely distributed molecular weight
distribution is shown by an unbroken one. A poly-p-
methoxystyrene subjected to fractionation was prepared
in a polymerization system giving the intermediate
molecular weight distribution for the polymer. Of three
samples, S and S1 were theoretically expecfted to be near
the dotted line. In practise M^/ln for S and S' were
found to be nearly 2. Furthermore as was expected on
theroetical grounds the molecular weight distribution
of S1, which was prepared at low conversion, was sharper
than that of S which was produced at high conversion.
However, i%/Mn for both samples was unexpectedly less
than 2. The reason for this is not known, but the same
was observed in polymerization of styrene (see Chapter 8)
These experimental results may well be ascribed to loss
of low molecular weight polymer during fractionation or
on removing polymer from the polymerization system.
Taking into account the good recovery of polymer during
fractionation and the good agreement between intrinsic
viscosity of the original sample before fractionation and
intrinsic viscosity calculated after fractionation, the
loss of the low molecular weight polymer is supposed to
be very small, though this would, however, be enough to
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reduce Mw/M.n below 2.
Sample B was expected theoretically to approximate
to the continuous line, and this was confirmed experimental-
ly, i.e., Mw/Mn for B was very near the theoretical and
its molecular freight distribution was much broader than
that of 3 or S1.
In accordance with the foregoing, it is safely
acceptable that the molecular weight distribution of
polymer produced in an ordinary cationic polymerization
is fixed by the rate constant ratios of the transfer and
the termination reactions and the conversion in accordance
vith theoretical equations (9-15) or (9-16), though
confirmatory experimental data are not adequate. M can
be calculated by inserting the intrinsic viscosity of
unfractionated polymer into the intrinsic viscosity―
molecular weight equation for fractionated polymer. It
is evident from the above experimental findings that the
ratio of Sv (practically obtainable) to f^ (necessary
for calculation of the rate constant ratio) is about 2,
independent of polymerization conditions, unless the con-
version is greatly increased. The rate constant ratio
calculated from M is, therefore, about one-half as large
as the true rate constant ratio, independent of the
-3^8-
polymerization conditions, consequently all the rate
constant ratios obtained in Part 2 should be doubled.
However, since only relative comparisons are being made,
it is not necessary to correct these numbers.
3.3 The effect of substituent on polymer chain expansion
The experimental results shown in Table 9-8 j will
now be discussed. The expansion coefficient of the polymer
chain, cX., is larger in toluene than that in methyl ethyl
ketone for both poly-p-methoxystyrene and poly-o-methoxy-
styrene. This suggests that toluene is a better solvent
for both polymers than is methyl ethyl ketone. Saito
et al. ' reported however that there was no difference
between the effects of toluene and methyl ethyl ketone
on the molecular weight dependency of the end-to-end
distance for the poly-p-methoxystyrene chain, and the
discrepancy has not yet been explained.
For poly-o-methoxystyrene, OCcalculated from
l7)/(7)-0 -O.2'^ agreed well with calculated from the
Flory-Olofino equation. '
The effect of the substituent on the end-to-end
distance of the polymer chain will next be discussed.
? 2 l/2( < r >/<f , >) was 2.50 for poly-p-methoxystyrene
and 2.44 for poly-o-methoxystyrene at 30°C
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And it was
2.73 for poly-a-methylstyrene at 30°C(Section 7*2).
o 9^While for polystyrene it was 2.35 at 30 C. ' On these
values, the effect of the substituent on the free rotation
of a single bond in back-bone chain of polymethoxystyrenes
lies between the effects for polystyrene and poly-oc-
methylstyrene. This conclusion differs slightly from
that reached by Saito et al. , that a methoxy group
attached to phenyl group has a neglegible effect on the
free rotation. The difference between the effects of
ortho- and para-methoxy groups was fairly small, but the
latter group had a slightly larger effect than the former.
This means that the segment-segment and the segment-solvent
interactions induced by a polar methoxy group sxe slightly
larger Trith the para-substituent than with the ortho-
one. Consequently an attempt to discuss the steric effect
of the ortho- methoxy group on the propagation reaction
for o-methoxystyrene, in terms of the steric effect of
ortho-m^thoxy group on the solution properties of poly-
o-methoxystyrene (assuming that the activation state of
the propagation reaction resembles that of the final
state) failed.
To sum up, the present investigation yielded the
-360-
following results:―
Using a light scattering method, the intrinsic
viscosity―molecular weight equations (9-l)-(9~4) f°r
poly-p-methoxystyrene and poly-o-methoxystyrene at 30 C
in toluene and methyl ethyl ketone were obtained. These
equations made possible study of the relationship between
cationic polymerization conditions of p-methoxystyrene
and the molecular weight distribution in poly-p-methoxy-
styrene, and it was established that Mv/Mn was always
about 2, independent of the polymerization condition, and
that the true rate constant ratio is twice that reported
in Part 2. The effect of the methoxy group on the ex-
pansion of the polymer chain was studied, and it was
confirmed that due to the methoxy group polymethoxystyrene
is more expanded than polystyrene, and further that poly-
p-methoxystyrene is more expanded than poly-o-methoxy-
styrene .
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Part 4 The Reactivity of the Growing Ion in
Ionic Polymerization
Chapter 10 Estimation of the Growing Ion Reactivity in
Cationic Polymerization from the Chain
Transfer Reaction
Section 10.1 Theoretical Considerations
1. Introduction
The mechanisms of monomer transfer and unimolecular
termination reactions in the cationic polymerization of
vinyl monomers were discussed in Part 2, where it was
recognized that the reactivity of both monomer and grow-
ing ion must be considered to discuss the reactivity of
the vinyl monomer in the propagation, transfer, and ter-
mination reactions (cf. Chapters 3 and 4)- There have
been many investigations of the reactivity of a monomer
towards a radical or ion in copolymerization. In radical
copolymerization the reactivity may be considered in
terms of Q/e values. Alfrey and Price ' showed that' the
propagation rate constant can be expressed as
kp = PQ exp ( - er em)
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(10-1)
where Q and e represent respectively the reactivity and
electronic character of the monomer, P and e ralating
2)
to the adduct radical. Okamura et al. reconsidered the
experimental results hitherto reported and found that the
following relationship held between P and Q:―-
log P = kQ + a k<0 (10-2)
Prom equation (10-2), it is seen that the reactivity of
the radical produced from monomer with a greater reactivity-
is generally smaller.
On the other hand there have been few discussions
of reactivities of growing ions produced from various
kinds of monomers. Since the monomer reactivity ratio,
r-|_,is approximately equal to l/r? in ionic copolymeriz-
ation, it has been considered that the relative re-
activities of the two monomers towards different growing
ions are about the same. The difference in reactivity
of the different kinds of ions towards a certain monomer
has not been discussed.
In the present Section, the relation between the
reactivity of monomer and that of the growing ion is
investigated theoretically. Further, an outline of
procedures for determining the reactivity of a growing
-364-
ion will be discussed.
2. Propagation rate constants and the reactivities of
polymer ions
2.1 Cationic polymerization
In order to determine the reactivity of a growing
ion, the propagation rate constant (k ) and the monomer
reactivity ratio (r , r_) must be decided as in radical
polymerization. However, for a long time there were not
any methods for determining k in ionic polymerization,
but recently a method of determining k for an iodine-
4)
catalyzed system has been reported from our laboratory.
According to it, k and (r.., r?) were determined for vinyl
isobutyl ether (VIBE) and vinyl 2-chloroethyl ether
(VCEE). The polymerization in dichloroethane by iodine
at 30 C gave the following results; r, = 2.0 ± 0.1,
r2 = 0.5 i 0.1 (M]_is VIBE and M2 is VCEE). On the other
hand, k-...and k?? are considered to be equal to the values
of k of the respective monomers under the same polymeri-
zation conditions. Thus it was found that k-Q = 390 and
k22 = 260 l/mole/min. and substituting these values in
Ti and r2 gives k]^ and k2x ･ The results are shown in
Table 1. (All these values have been reported:^/ results
are given here for convenience.)
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Table 10-1 Propagation rate constants (l/mole/min.) in
the copolymerization of vinyl isobutyl ether
(M^) and vinyl 2-chloroethyl ether (M2)
Catalyst? iodine, Solvents dichloroethane
Polymerization temperatures J>0°0
kll k12 k21 k22
390 520
It is seen from Table 10-1 that the reaction rate
constants in ionic coraolvmerization decreases in the orders
k21 > kll > k22 ^ k12
which obviously indicates that a possible set of con-
ditions, Icq = k.21 and IC22 = ^12≫ ma-king t^_ = 1/^2 > -*-s
not satisfied. It also means that addition is easiest
between more reactive monomer (Mi) and the growing ion
produced from the less reactive monomer (M?) and is most
difficult between the less reactive monomer and the ion
from the more reactive monomer. Hence it may be concluded
that the ion from the reactive monomer is not so reactive
as that from the less reactive monomer.
To relate quantitatively the reactivities of the two
ions in the ionic polymerization, it was tentatively
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assumed that the rate constant k_, in the propagation
step may be taken as: ―
k RT x R,. (10-3)
where RT is the reactivity of the growing ion i andxi
IL. is the reactivity of the monomer j. Equation (10-3)
j
may reasonably be applied to treat the rate constant in
ionic copolymerization where the relation r-^ = l/r2 holds,
but it is an equation which is open to criticism. At the
present stage, it is doubtful whether r]_ = l/r2 always
holds, and there is no definite explanation of why the
intermolecular term can be ignored in the rate constant.
But equation (10-3) which was derived with the simplest
assumption, was used in this investigation.
Using equation (IO-5), the following relations are
easily derived?―
k11/k12 = k21/k22 = %iAMz
kxl/k21 = k12/k22 = Rj /R
Inserting the rate constants from Table 10-1,
Rm/S - 2-° Ri^Ri2 -1/1.3
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whence monomer 1 is twice as reactive as monomer 2, bi£t
ion 2 1≫3 times as reactive as ion 1. This tendency is
the same as in radical polymerization, ' and is expected
from the reaction mechanism.
However, the above relationship does not hold in the
cationic polymerization of styrene derivatives. In the
cationic polymerizations of p-chlorostyrene (Mt) and styrene
(M2) induced "byiodine in dichloroethane at 30°C the pro-
pagation rate constants k-Q and k22 were 0.071 and D.22
lymole/min.,respectivety. ' In cationic copolynierization
of 'both monomers xvith the same polymerization condition
as for homopolymerizations, the monomer reactivity ratios
were found to be r-. = 0.45 r^ = 2.5≪ ' Inserting the
propagation rate constants in the monomer reactivity
ratio, the rate constants k-j^ and ~k-2_＼were calculated.
The results of the calculations are shown in Table 10-2.
Table 10-2 gives the following sequences for rate
constants in cationic copolymerization:―
k21 > kll k22> k12
This order means that the reactivity of cation 2 is
greater than that of cation 1. Using equation (10-3), the







Propagation rate constants (l/mole/min.) in
the copolymerization of p-chlorostyrene (Ml)
and styrene(M2)･
Catalysts I2> Solvent; dichloroethane,
Polymerization temperature: 30°C
*11 k12 k21 k22
0.071 0.16 0.088 0.22
It was observed that monomer 2 is about twice as reactive
as monomer 1, and that cation 1 is about three quarters
as reactive as cation 2. This tendency is the reverse
of that observed in radical polymerization ' or in catio-
nic polymerization of vinyl alkyl ether.
The reversal of the relationship between the re-
activities of monomer and cation for vinyl alkyl ether
7)and styrene derivatives is explained as follows. In the
cationic polymerization of vinyl alkyl ether by iodine,
the formation of a new bond between the growing cation and
the £ carbon atom of the^ monomer is important. Rrom
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this point of view, the cation produced from a reac-
tive monomer is stabilized by the action of a sub-
stituent attached to the cation which makes the monomer
reactive, and which is itself consequently unreactive.
On the other hand, in cationic polymerization of
styrene derivatives by iodine, dissociation of the
growing ion-pair into free ions is necessary prior to
addition of monomer to the cation. In this connection,
the stable ion produced from the reactive monomer can
dissociate easily from the counter anion, and is con-
sequently reactive. The peculiarity of the propag-
ation reaction of styrene derivatives lies in an ion-
pair being present and dissociation into free ions
being necessary.
The above relationship was observed for poly-
merization induced by iodine, and it is doubtful
whether the same holds in polymerization induced by
a Friedel-Crafts catalyst. In the ion-pair derived
from iodine, the counter anion is considered to be
very near the carbonium ion. On the other hand, in
the ion-pair from a Iriedel-Crafts catalyst, the coun-
ter anion is considered to be somewhat distant from
-370-
the carbonium ion, and it is difficult to believe that
dissociation into free ions is the rate determining
step. For anionic polymerization in a high dielect-
ric constant solvent such as tetrahydrofuran deseribed
below, this was confirmed.
2.2 Anionic polymerization
It has teen reported for styrene―methyl meth-
acrylate copolymerization ' that the growing anion
produced from styrene, which is the less reactive
monomer, can initiate the polymerization of styrene
and methyl methacrylate, but that the growing anion
produced from the more reactive monomer, methyl meth-
acrylate, cannot initiate the polymerization of styrene.
This result may indicate that the reactivity of the
anion produced from the more reactive monomer is
lower, as in cationic polymerization.
With suitable conditions, anionic polymeriz-
ation proceeds without any transfer and termination
reactions, to give a so-called living polymer. Using
the living polymer system, the propagation rate cons-
-371-
tant can be estimated. Szwarc^/ determined the pro-
pagation rate constant in the anionic polymerization
of vinyl monomers at 25°Cin tetrahydrofuran with ac-
companying sodium cation as the counter cation. The
experimental results for the propagation reaction,
where the steric effect of the substituent can be
neglected, were as follows: ―
rate constant of the addition of vinyl monomers
onto styrene anion
2-vinylpyridine > styrene > p-methylstyrene > p-
methoxystyrene
rate constant of the addition of styrene onto
anions of various kinds of vinyl monomers
2-vinylpyridine < styrene <p-methylstyrene < p-
methoxvstvrene
There too, the more reactive monomer gives the less
tp> a.f>.tivfi an inn.
3. A molecular orbital treatment
In the foregoing, experimental evidence was chosen
to demonstrate that the growing ion produced from the
-372-
reactive monomer is not so reactive in cationic poly-
merization or anionic polymerization. However, it is not
clear whether this tendency is found with other substances,
since few experimental results are available. Hence a
molecular orbital approach, to clarify this point, will
now be made.
Regarding radical polymerizations, the reactivity
of a monomer and a radical have been discussed in terms
of the radical localization energy of a monomer L,,and the
localization energy of a radical L^-^K Such investigation
showed, generally, that the radical from the more reactive
C A
monomer is less reactive. In a like manner, Ljj and Ljj ,
the cationic and the anionic localization energies of
the monomer, respectively, are now calculated, using























The effect of the counter ion is here neglected.
L-, and L. , the localization energies of cation and

































Parameters (Coulomb integral and resonance integral)
used in these calculations are the same as those in the
previous paper from our laboratory. For the methyl
groups in isobutene and propylene, however, parameters
which are approximately equal to the values given by
Coulson-'-^/,who treated the methyl group as - C = H-z
a b
were used:―
db * a - 0.5/5
-5≫7t-
where oC and /3 are the values of the Coulomb integral
of the carbon atom and of the resonance integral of the
C-C double bond in benzene respectively.
From the definition of localization energyl^)^ it
can be considered that a low localization energy value
means a low value of the activation energy, i.e.,
high reactivity in an addition reaction. Solvents affect
the propagation reaction, but this is neglected here.





0.3 0.6 0.9 1.2
Pig.10-1 The relationship between the reactivity of a monomer
and the reactivity of the cation produced from the
monomer, calculated from the localization energies.
AN: Acrylonitrile, VC: Vinyl chloride Prs Propylene,
VDC: Vinylidene chloride VE: Vinyl ether,
St: Styrene Bus Butadiene, CSs Chlorostyrene
IB: Isobutene, MSt od-Methylstyrene CP: Chloroprene,
IP: Isoprene
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Pig. 10-1 shows that the easily polymerizable monomers
((X -methylstyrene , etc.) have smaller Lj^ and larger Lq ,
and that the less easily polymerizable monomers (acrylo-
nitrile etc.) have the larger X and smaller Lq. It can
therefore be understood that the carbonium ion of the
more reactive monomer will have low reactivity, in agree-
ment with experiments.
The localization energies of monomers and ions in
anionic polymerization were calculated and the results












0 0.5 1.0 1.5 2.0
la (-j8)
Fig. 10-2 The relationship between the reactivity of the
anion produced from the monomer, calculated
from the localization energies.
VDCHi Vinylidene cyanide
other symbols as used in Fls. 1
-376-
reactive monomer produces the unreactive adduct anion in
anionic polymerization.
4. Reactivities of ions as estimated by the chain transfer
constant
It was pointed out above that a satisfactory basis
for discussion on reactivities of growing ions will be
afforded by values of propagation rate constants and
monomer reactivity ratios when available. Unfortunately,
however, there are only a few cases where k is known.
Hence an attempt is next made to determine the range of
the reactivity ratios of two polymer ions by measuring
the chain transfer constant ratio and the monomer re-
activity ratio.
4.1 Method of estimation
If the reactivity of a certain chain transfer reagent
towards different kinds of ions is constant, the value
of the chain trnosfer constant (k ) of the growing ions
towards a certain substance affords a measure of their
reactivities. Corresponding to equation (10-3) for the












investigated radical reactivity by
Two kinds of monomers are designated as M]_ and M2,
respectively, and it is assumed that M]_is more reactive
than Mr>≪ From the definitions of r-^ and t^'―
JL 1 JL X X
(r^)2 - (knA12)T.(k21/k22)2= (kn/k22)2.(k21/k12)2
(10-6)
In the case of the vinyl alkyl ether type of pro-
pagations―
kll/k22 - k2l/k22 (10-7)
In the case of the styrene derivative type of pro-
pagations ―6)
kll/k22 ^ k2l/k12
Then, in all cases!―




The precise position of k-Q/k>>2is not known at the present
stage. However, it can safely be assumed that k^/k^
does not differ seriously from k^/k^* giving equation
(10-10):―
1_
(r^)2- (kn/k22) = (k )A/(k )B (10-10)
1
In Table 10-1 with VIBE (Mi) and VCEE (M2), (r1/r2)2 is
equal to 2.0 and k /k? is equal to 1.59 so equation
(10-10) holds. In Table 10-2 with p-chlorostyrene (M )
1_
and styrene (M2), (r^/x^^ is equal to 0.42 and kn/k22
is equal to 0.52, so equation (10-10) again holds. As
is seen from these two examples equation (10-10) holds
fairly well, especially when r^.^ ―1.
When the reactivity of the growing ion is discussed
in terms of the chain transfer reaction, equation (10-7)
will hold, because in the chain transfer reaction bond
formation between a growing ion and a chain transfer re-
agent is important, as in the case of the vinyl alkyl
ether type of propagation'' (this was confirmed in Section
10-3). Hence equation (10-11) will hold instead of
equation (l0-10)s―
JL
(r /r2)2 >l ku/k22
-379-
(10-11)
If § is the ratio of the chain transfer constants
ratio measured, § is given by equation (10-12):―
§ = (k,.A^Vd^Aii) = (^Ar^-Cki^a) (10-12)
Equation (10-13) was obtained using the reactivity ratio
of the ions from equation (10-11) and (10-12).
The reactivity ratio of the ions ^ kr /kr
= 5 ' k22/kll > <5'(r2/rl) (10-13)
If, using the same polymerization conditions, the chain
transfer constant ratios for more than two monomers and
the monomer reactivity ratios for these monomer pairs
are obtained, the lowest limit of the ratio of the ion
reactivity will be given by equation (lO-l^). The next
section will use equation (10-13) to discuss the experi-
mental results.
4.2 Compaxison with experimental results
Scarcely any chain transfer constant ratios for more
than two monomers towards a certain transfer reagent
under the same conditions have been reported in the lite-
rature. The only example to be found is that reported
by Haas et al."Li+^,who measured the chain transfer cons-
tant ratios of styrene and p-methoxystyrene towards p-
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methylanisole. Both monomers were polymerized by stannic
chloride at 0°C. The chain transfer constant ratios for
p-methylanisole in styrene polymerization (kr/kp)st an<i
in p-methoxystyrene polymerization (k/k )DMq were 1.08
J- p xiviO
and 2.7 x 10 , respectively.
Using equation (IO-I3), the ratio of the ion re-
activity was calculated from these values and the results
are tabulated together with the relevant data. However,
as the monomer reactivity ratio is not known accurately^-5)
the relative reactivities of the two ions, 4≫0,is only
approximate.
To check the validity of equation (10-13), an ex-
periment was carried out with styrene and p-chlorostyrene
as the monomer pair. The details of the experimental
results will be described in Section 10.2. p-Chlorostyrene
was polymerized by stannic chloride―trichloroacetic acid
at 30°C, and the chain transfer constant ratio towards tolu-
ene was determined, the method used being the same as
for styrene polymerization, "' where polymerization was
effected changing the mole ratio of monomer to toluene,
and the chain transfer constant ratio was calculated by
measuring the degree of polymerization of the resultant
polymer. Many results for monomer reactivity ratio in
-381-
the styrene―p-chlorostyrene system have been published;
rl= 2°5±(-)#4and To - 0*3 ± 0.03 were used,*?' where
styrene was Mi and p-chlorostyrene was M2. Table 10-2
gives the ion reactivity ratio along with some related
data.
Values in the last column in Table 10-2 show the
lowest limit of the ion reactivity as calculated from
equation (10-13). The true ion reactivity ratio is con-
sidered to be larger than that given in Table 10-2. For
the styrene―p-methoxystyrene pair, the monomer reactivity
of p-methoxystyrene is 100 times greater than that of
styrene, while the ion reactivity of styrene is 4 times
greater than that of p-methoxystyrene. Moreover, the ion
reactivity of p-chlorostyrene is aferout5 times greater
than that of styrene, while the monomer reactivity of
styrene is greater than that of p-chlorostyrene. In
either case k^, / kp which is considered to give the
ratio of the ion reactivities, is considerably greater
than unity, monomer 1 having the greater reactivity.
The author is interested in this fact and experimental
results for other kinds of monomer pairs will be given later.
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followsj With a view to discussing reactivity in the
propagation reaction of ionic polymerization, reactivities
of both vinyl monomers and growing ions were investigated,
and in this Section, three methods of comparing the re-
activities of ions have been proposed: (l) direct measure-
ment of the propagation rate constant, (2) comparison
between chain transfer constant ratios, and (3) a molecu-
lar orbital approach. Prom these experimental and theo-
retical investigations, it has bee*n found that the ion
produced from the more reactive monomer is stable and
less reactive, analogous to radical polymerization.
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Section 10.2 Ortho- and Para- Chlorostyrene
1. Introduction
In the previous Section it was mentioned how difference
in reactivity of growing species should be taken into con-
sideration in the cationic polymerization as well as in
the radical polymerization, where the reactivity of growing
ion was discussed in connection to the reactivity of monomer.
The following three for determining the reactivity of
growing ion were proposed; (l) direct comparison of the
propagation rate constants, (2) comparison of the chain
transfer constant ratios, and (5) comparison of the
localization energies calculated by the molecular orbital
method. In the present investigation, the reactivities
of growing ion made from styrene were estimated by com-
paring the chain transfer constant ratios towards toluene
found for constant polymerization conditions and they were
discussed in connection with the reactivities of those
monomers, though the reactivity of the growing ion could
be changed with changing the kind of chain transfer reagent,
the polymerization condition, and so on.
In this Section, the reactivities of growing ions
made from styrene, p- and o-chlorostyrene were compared
-386-
with each other, and the electronic and the steric effects
of the chlorine atom on the reactivities of the growing
ion and monomer were discussed.
2, Experimental
2.1 Reagent
The method of synthesizing chlorostyrenes was
described in Chapter 4≪ Styrene was purified as described
there. The purifications of benzene, toluene, chloroform
and dichloroethane as solvent, stannic chloride as catalyst,
and trichloroacetic acid as co-catalyst were carried out
as described in Chapter 4> special care being taken to
remove water.
2.2 Procedure
Polymerization and molecular weight determinations
were carried out as described in Chapter 4≫
Copolymerization of styrene and o-chlorostyrene
was carried out at 30°Cin benzene or in dichloroethane.
The polymerization was stopped at a conversion below lOyo.




3.1 Comparison of the reactivity of the monomers by-
copolymerizati on
As seen from the description of Section 10.1, the
monomer reactivity ratio is necessary to compare the re-
activities of two kinds of growing ions or of monomers.
A laxge number of copolymerizations have been studied
for the styrene―p-chlorostyrene syttem, and the monomer
reactivity ratio has been found to be roughly independent
of polymerization conditions, especially when stannic
chloride is the catalyst. The results reported by Alfrey
and Wechsler,1) r-j_= 2.7 ± 0.3 and r2 = 0.35 + 0.05 (M]_s
styrene, M2' p-chlorostyrene, catalyst: stannic chloridet
temperatures 30°C), was therefore available during the pre-
sent investigation.
On the other hand, there have been only a few in-
vestigations of copolymerization of styrene with o-chloro-
styrene. Here copolymerization of styrene (it-,)and o-
chlorostyrene (Mg) was carried out at 30°C using stannic
chloride―trichloroacetic acid as the catalyst. Results
are shown in Fig. 10-3.
Fig. 10-4 shows determination of monomer reactivity















of styrene in monomer feed
Pig. 10-3 Copolymerization of styrene (M]_) and o-chloro-









Fig. 10-4 The estimation of r^ and r2
2.1
by the intersection
method. Copolymerization of styrene (Mi) and
o-chlorostyrene (M2) "by SnCl^.CCljCOOH at 30°C
-389-
and r2 = 0.5 + 0.1 (lit.2) r1= 4 and rg = 0.5).
Monomer reactivity was considered with regard to
monomer reactivity ratio thus obtained, and shown in
Table 10-4 where ^-value or reciprocal of r-^ were taken
for the reactivity ratio of monomer 1 against monomer 2.
Tatle 10-4 The comparison of the reactivity of monomer
Monomer Comparison of reactivity
Mo Reactivity : Reactivity










Monomer reactivities could be placed in the following
decreasing order:
styrene > o-chlorostyrene > p-chlorostyrene.
3.2 Estimation of the rate constant ratio
As is seen from the description in Section 10.1, for
the chain transfer constant ratio towards a certain transfer
reagent (toluene in this case) is necessary to compare
growing ion reactivity. Here estimation of the chain
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transfer constant ratio for toluene will be described.
3.2.1 The p-chlorostyrene termination and transfer constant
ratios
To estimate the chain transfer constant ratio of the
p-chlorostyrene cation to toluene, p-chlorostyrene has to
be polymerized in toluene at various monomer concentrations.
However the present catalyst polymerized p-chlorostyrene
in toluene at only a low rate (cf. Chapter 4)≫ so poly-
merization was carried out in toluene―benzene mixture with
change of the ratio of these solvents while keeping the
monomer concentration constant. Then equation (10-14)
connects the degree of polymerization of the polymer and
the concentrations of the reagents:―
1/P = (ktm/kp + akts/kp.l/[Mj)+(kr/kp-bkts/kp)rr)/[M)
(10-14)
where r and s represent respectively toluene and benzene,
and the other symbols are defined elsewhere in this thesis.
In equation (10-14) a = 1000 (Vr + Vg) dg/d^ and
b = dsWr/drWs where V, d and W denote respectively the
volume fraction, density, and the molecular weight, and
suffixes r and s stand for toluene and benzene respectively,
-391-
Since all of the polymerizations were carried out in a
system consisting of monomer 5 ml. and mixed solvents 25
ml.(approximate dielectric constant = 2.5), the unimolecular
termination reaction was neglected.^'
In order to find the chain transfer constant ratio
towards toluene (kp/kp) using equation (10-14-)? the chain
transfer constant ratio towards benzene (k^s/k_) must
be known. A k^_s/k_ value of 1.22 x 10 estimated in
Chapter 4 was available for this calculation. In Fig.10-
5 l/f was plotted against [r]/[M]. kr/kp could be cal-
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Pig. 10-5 The plot of l/p versus (r)/(M]
p-Chlorostyrene―benzene―toluene―30°C―-
SnCly,.CCl5COOH kr/kp = 4.00 x 10"2
*taA - 2.34 x 10-2
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line, as 4.00 x 10~2, and ktm/kp could be calculated by-
deducing a≫kts/kp≪l/(M) from the intercept of the
straight line, as 2.34 x 10" . k^/k- was previsouly
found in Chapter 4S using a different method, to be 2.36
x 10~2. The two values are in good agreement.
The present author assumed applicability of k+ /k^
found for polymerization in benzene solution (cf. Chapter
4, section 3≫2.l) to the polymerization in benzene―toluene
mixed solvent, as the structures and properties of both
solvents are almost the same. The validity of the assump-
tion wp,s confirmed "by the fact that, the k. /k 's found
independently in different way, using only the above
assumption, were in good agreement.
3.2.2 Termination and transfer constant ratios for
o-chloro styrene
As o-chlorostyrene undergoes polymerization at an
extremely low rate even in benzene solution, it was
carried out with a monomer concentration as high as
monomer 12 ml.and benzene―toluene 18 ml. As in the case
of p-chlorostyrene, the rate constant ratios were estimated
from the degree of polymerization obtained with polymeri-
zation at different solvent compositions. However, in
the present system the unimolecular termination reaction
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can no longer be neglected*', because the approximate
dielectric constant of the system is as high as 3≫5≪ So
equation (10-15) would apply:―
1/P = (ktm/kp + (kt/kp + akts/kp)l/[M)J
+ (kp/kp - bkts/kp) (r)/(M) (10-15)
Plotting l/P against [r]/[M], the slope gave (kr/kp -
bk-fcg/kp)as 8.8 x 10" , and the intercept gave
jktm/kp + (kt/kp + akts/kp)j l/[Mj as 6.5 x 10"2. a and
b have the same meanings as in 5-2.1. To calculate














Fig. 10-6 The plot of l/P versus [r] /{Mj
Qo-chlorostyrene―"benzene―toluene―30 C―
SnCty.CCI3COOH kr/kp = 9.46 x 10-2
kta/ko = 5-55 x 10-3
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is needed. In Chapter 4? ktmAp and (ktsAp + ktAp "lAw])
were found to be 4≫80 x 10 and 0.72 x 10"^ respectively
for polymerization of o-chlorostyrene at 30 C fey stannic
chloride―-trichloroacetic acid in monomer 12 ml.plus
benzene 18 ml. It can be safely assumed that the mechanism
of each elementary reaction is not seriously affected by
change of solvent from benzene to benzene―toluene. This
was true for the k^jjj/kpof p-chlorostyrene and it can be
expected to hold for k+ /k and k^/k of o-chlorostyrene･
Then, kr/kp is calculated using the rate constants
obtained in Pig. 10-6, and those obtained in Chapter 4≪
kr/kp, k-fcg/kpand k-^/kp thus calculated are 9*46 x 10" ,
5.55 x 10"^ and 1.05 x 10~2, respectively-
3.2.3 'Jcruinrtion and transfer constant ratios for
styrene
kr/kp of styrene was previous!}?-found, in Chapter 4,
to be 2.80 x 10"^, and can be used here. Though the
value employed is smaller than that obtained in polymeri-
zation by stannic chloride (without trichloroacetic acid)
(1.10 x 10 ), it may be ascribed to the nature of the
counter ion#
The chain transfer constant ratios to benzene (k-fcs/kp)
and toluene (kr/kp) for these three monomers are listed
-395-
in Table 10-5.

























* Approximate values of dielectric constants of the poly-
merization systems, assuming that £= 2^J>2(f^ , where
cf is the approximate value, <f^ is dielectric constant
of i th component and Vj_ is volume fraction of i th
component.
5.3 Estimation of the reactivity of growing ion
Estimation of the relative reactivity of the growing
ion using the chain transfer constant ratio to toluene,
kr/k_, listed in Table 3-10 s will be described. In the
following discussion, suffixes 1 and 2 represent the
values for monomer 1 and monomer 2, respectively. If the
reactivity of monomer 1 is larger than that of moncmer 2
the relative reactivity of growing ions
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_1
kr^Ar-L =5(k22All) > 5(r2Al)2 (10-16)
where § is (kr /k22)/(kr-,/kll) and- kr?/k22 is the ra"ti°
of kr j the chain transfer constant to toluene for the grow-
ing ion 2, to k22> the propagation constant of monomer 2.
kr /k22 hexe is equivalent to kr/kp in the previous
Section. The rate constant ratio kp /k-Q is for monomer
1 and otherwise the symbols are just as for ^-rr>^22' Both
kr,/ku and kr /k22 are obtainable experimentally, so /J
is determined experimentally, r^ and r2 are the monomer
reactivity ratio as determined under the savae conditions
as for determination of kr/kp. The lo＼/erlimit of the
reactivity ratio of the growing ions may be found from
equation (10-16). However, since the value calculated
from equation (10-16) is considered to be closely correl-
ated with the true reactivity ratio of the growing ion,
the discussion of reactivity of the growing ion given
below is based on values calculated by equation (10-16).
M]_ being the monomer of higher reactivity in equ-
ation (10-3), for the pair of styrene (M-j_)and p-chloro-
styrene (Mg)!―
(r2/r!)2= 0.52 - 0.41 5 =14.3
kroAr-i = 4-6 - 5.9
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For the pair of styrene (M-,) and o-chlorostyrene (M2)≫
(r2/r1)2= 0.47 - 0.65 8 = 33-8
;. kr /k,, = 15-9 - 22.0
For the pair of o-chlorostyrene (ft^) and p-chloro-
styrene (M2)>
VS = 0.21 - 0.57
The results of calculation are shown in Table 10-6.
Table 10-6 The comparison of the reactivity of the
growing ion
Monomer Comparison of reactivity
"l M2
Reactivity of Reactivity of
growing ion ･ growing ion












1 : 4.6 - 5*9
1 : 15≪9 - 22.0
1 -. 0.21 - 0.37
4- Discussion
Table 10-4 showed that monomer reactivities in the
propagation reaction could be arranged in the decreasing
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orders styrene > o-chlorostyrene > p-chlorostyrene, and
Table 10-6 that growing ion reactivities in the chain
transfer reaction could be arranged in the decreasing
order: o-chlorostyrene > p-chlorostyrene > styrene. Then
comparing styrene with chlorostyrenes, the latter with
less reactivity in the propagation reaction, could give
a growing ion of larger reactivity in the transfer reac-
tion, which is what has been found in radical polymeriz-
ation. 4/ This may be ascribed to the inductive effect
of the chlorine atom, e.g. in p-chlorostyrene stabiliz-






is negligible small,■>' and instead the reactivity of the
growing ion is enhanced by the electron deficiency induced
by chlorine atom. This would hold good for o-chloro-
styrene, too.
On the other hand, o-chlorostyrene, which is more
reactive than p-chlorostyrene, was found to give a-more
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reactive ion, a tendency opposite to that was found in
radical polymerization. This may be interpreted in terms
of the inductive and steric effects of the o-chloro sub-
stituent5 that is, in the o-chlorostyrene cation the
steric repulsion between the carbonium ion and chlorine
atom at ortho-position is large enough to destroy the
coplanarity, and hence resonance stabilization, between
carbonium ion and phenyl group, and the inductive effect
from chlorine atom at ortho-position affects the electron
deficiency of the carbonium ion more than from chlorine
atom at para-position.
Same experimental results reported by Szwarc"/
are relevant to the ortho effect. He investigated the
rate constant of the addition of styrene monomer to
several kinds of living ends, consisting of carbanion
and sodium cation in tetrahydrofuran at 25°C, and found
that the rate constants for addition to o( -methylstyrene
ardon or 1,1-diphenyl ethylene anion were extremely small,
and ascribed this to the steric effect of the bulky
phenyl saidmethyl substituents. A similar phenomenon was
found for the reaction of the vinyl mesitylene anion.*>)
Though there are two ortho-substituents in the vinyl
mesitylene anion, the carbanion can enter into resonance
-400-
stabilization with the phenyl neucleus. wrhen styrene
adds to this anion, the steric repulsion caused by the
methyl groups gives the vinyl mesitylene anion an apparently
low reactivity.
The vriter proposed deviation of the growing end
from coplanarity to explain the greater reactivity of
o-chlorostyrene cation as compared with the p-chlorostyrene
cation, while Szwarc suggested that the ortho-substituent
does not destroy the coplanprity but lowers the reactivity
of the anion because of steric repulsion between the sub-
stituent and the attacking monomer. It is not clear at
the present stage how the anomaly can be explained. But
it may usefully be mentioned in this connection that the
rate of polymerization of o-chlorostyrene is much less
than that of p-chlorostyrene, though the reactivity of
o-chlorostyrene in copolymerization with styrene is greater
than that of p-chlorostyrene, The greater reactivity of
o-chlorostyrene in copolymerization is in accordance with
the resonance stabilization energy and the localization
energy terms in LCAO-MO investigation of the cationic
copolymerization.'' Hence the low rate of polymerization
of o-chlorostyrene is considered to be abnormal.
Szwarc ' found a similar thing in anionic polymeriz-
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ation. He carried out anionic polymerizations of o-
methylstyrene and p-methylstyrene in tetrahydrofuran at
25°C, using sodium cation as a counter ion, and found
that the k 's (l/mole/sec<) of o-methylstyrene and p-
methylstyrene were 127-168 and 166-264 respectively.
This suggests, with a high degree of probability, that
the rate of polymerization of p-methylstyrene is greater
than that of o-methylstyrene under the same conditions.
However, in the reaction of these two monomers with liv-
ing polystyrene, the rate constants for o-methylstyrene
and p-methylstyrene were 530 and 180 respectively. Szwarc
did not give any explanation of these results, but his
experimental facts are very interesting when considered
in connection with the present author's results.
The comparisons of growing ion reactivities are,
in the present investigation, based on the chain transfer
reaction to toluene. If one takes the chain transfer
reaction to benzene as the standard, the differences
between the growing cation reactivities will be much larger.
Hence it is to be expected that the absolute value of
the growing ion reactivity will change with the kind of
standard reaction chosen, but at the same time it is not
to be expected that inversion of relative reactivity will
-402-
occur for the chain transfer reaction (to aromatic
compound).
To summarize, this investigation made clear the
following!-―-
When the method for determining the reactivity of
the growing ion by using a chain transfer reaction to a
certain transfer agent (toluene here) was applied to
styrene, o- and p-chlorostyrene. Growing ion reactivities
were found to be in the decreasing order o-chlorostyrene ^
p-chlorostyrene > styrene, while that of sequence of
monomer reactivities was styrene > o-chlorostyrene >p-
chlorostyrene. These experimental facts are interpreted
in terms of the steric and electronic effects of the
chlorine atom.
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Section 10.3 Styrene Derivatives
1. Introduction
In the previous Section, the reactivities of the
growing cations produced from styrene, o- and p-chloro-
stvrene were conroared with one other on the basis of the
chain transfer constant ratio for toluene, and the electro-
nic and steric effects of the negative inductive (-i) sub-
stituent "as discussed.
In the present Section, a similar investigations were
carried out for p-methylstyrene, p- and o-methoxystyrene,
and the effect of the resonance electron donating (+M) substi-
tuent on growing cation reactivity was studied. The effect
of catalyst was investigated for boron trifuloride etherate
and stannic chloride―trichloroace'tic acid, too.
2. Experimental
Purification of the solvents (toluene and chloroform)
and catalysts (SnGl^, Wy0(02115)2, CCI5GOOH) was described
previously. The monomers used were p-methylstyrene,
p- and o-iaethoxystyrenes the syntheses of o- and p-
methoxystyrene were described in Chapter J. p-Methyl-
styrene was synthesized using Overberger's method. ' The
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physical properties of the monomer are listed in Table
10-7-
Table 10-7 The physical properties of p-methylstyrene
Boiling point
68.5°C (9.5 mm) obs.
82-83°C (27 mm) lit.
Refractive index
n^1 = 1.5412 ohs-
n25 = 1.5395 lit.
Specific gravity d^0 = 0.891 obs.
The polymerization and the copolymerization pro-
cedures were just the same as described in the previous
Section.
The .polymer molecular weight was calculated from
the intrinsic viscosity―molecular weight equation. For
polystyrene Pepper's equation (4-3) ' was used, while
for poly-o- and p-methoxystyrenes equations (3-l) and
(5-2) were used. No equation has been reported for poly-
p-methyl styrene , but since the intrinsic viscosity ~r≪degree
of polymerization relationships reported for various
kinds of polystyrene derivatives are almost independent
of the kind of substituent in the phenyl group5', Pepper's
-406-
equation was used for poly-p-methylstyrene, too.
3. Results
3-1 Comparison of monomer reactivities by the copoly-
merization method
As stated previously, the monomer reactivity ratio
must be known in order to discuss the reactivity of monomer
or the reactivity of growing ion.
Copolymerizations of p-methoxystyrene (M]_) and o-
methoxystyrene (M2) were carried out in chloroform,
using boron trifluoride etherate catalyst, at 30°, -20°,
and -78°C, and the monomer reactivity ratios (r^, ^2)
were determined. The composition of the copolymer was
found from the ratio of the optical densities of the
absorptions at 825 cm (p-substituted benzene) and
2800 cm" appearing in the infrared spectra measured in
5^ carbon disulfide solution- Assuming that copolymer
and the mixed polymers behave similarly in infrared
spectroscopy, a calibration graph was obtained using the
D-ratios for various mixtures of the separate polymers,
as shown in Fig. 10-7, and this enabled the copolymer
composition to be determined. Results where copolymeri-


















Mole fraction of p-methoxystyrene
in polymer mixture
Fig. 10-7 ^he relationship between mole fraction of p-
methoxystyrene and D825 calA>28oo cm"1 of
infrared spectrum, fixtures of poly-p-
methoxystyrene and poly-o-methoxystyrene
(r , r ) value was determined by the cross-section method
as shown in Pig. 10-9.
(r,, r2) values for copolymerizations at -20°and 30°C
were found in the same way. Copolymerization by stannic
chloride―trichloroacetic acid was not carried out..
Copolymerizations of o-methoxystyrene (M-j_)and
styrene (M2) were carried out at 30°^using stannic































Mole fraction of p-methoxystyrene
in monomer feed
Pig, 10-8 'The copolymer composition curve for the
copolymerization of p-methoxystyrene (Mn )
and o-methoxystyrene (M2) by BF:,-O(C2E5J2
in chloroform at -78°C
trifluoride etherate, the copolymer composition being
analyzed by the elementary analysis. The experimental
results for the former are shown in Pig. 10-10.
All of the experimental results for the copolyme-
rizations are given in Table 10-8, where experimental
data on the copolymerization of styrene and chlorostyrenes
are shown. It is clear that the product of r-^ and r2








Fig. 10-9 The estimation of r]_ and T2 by the in-
tersection method. Copolymerization of
p-methoxystyrene (Mt)―o-methoxystyrene
(M2) ty BF5.O(C2H5)2 in Chloroform at -78°C























Mole fraction of o-methoxystyrene
in monomer feed
Pig. 10-10 The copolymer composition curve for the
copolymerization of o-methoxystyrene (M^)
and styrene (M2) by SnCl^-CCl^COOH in
chloroform at 50°C
r = 3.9 ± 0.7 r = 0.20 ± 0.02
the propagation rate constants for polymerization of
monomer 1 and monomer 2 are taken as kp and kp res-
pectively, kp,Ap is equal to k11/k22 using the symbols
for copolymerization. Since (Section 10-1) k^/k^―
^l/r2> lcp1/kp2 = kll/k22 ― (rl/r2)2. As wil1 be sh° -in
later, kp /kp is necessaxy for calculating kr /kr from
kr,/kp ^
and kr2/kp2, and ktmi/ktm2 from ktm1/kp1 and ktm2/kP2
_1_
kp /kp values which calculated from kp /kp^ ^l/3^)2
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As (r^> r2) values for p-methylstyrene (M]_)―styrene
(M2) copolymerization have not been obtained, kp /kp
for that system shown in Table 10-8 was calculated by the
procedure described below. Prom the (r^, r2) value
(r-L = 2.5 ± 0.4, r2 = O.JO ± O.O5)1) for copolymerization
of styrene (M]_) and p-chlorostyrene (M2) ^y stannic
chloride s―~
1
kp2/kpi - (r2Ai)2 = 0.29 - 0.41
and from the (r]_, T2) value (r]_ = 0.22 ±0.05, r2 = 4*5 ±
O.7) for copolymerization of p-chlorostyrene (M-,) and





hence, for the pair p-methylstyrene (M-j_)and styrene
(Mo):-
kpi/kp2 = 1.09 - 2.27
These two sets of (r^? T2) values were determined by
Overberger under the same conditions.
Taking the reactivity of styrene monomer as the
standard, the relative reactivity of other monomers
could be represented by r^ or l/^j for a summary see
-413-
Table 10-9.
The relative reactivity of p-methylstyrene compared
with styrene shown in Table 10-9 was calculated just as
when calculating the kp-ratio for that monomer pair.
Prom the (r-,, ro)-*-)value for copolymerization of styrene
(M]_) with p-chlorostyrene (l^)s ―
Reactivity of p-chlorostyxene/Reactivity of styrene
= 0.30 - 0.40,
and for the (r-p^) ' value for copolymerization of p-
chlorostyrene (M^) with p-methylstyrene (l/^):-―
Reactivity of p-methylstyrene/Reactivity of p-
chlorostyrene ― 4*5>
hence, for the pair p-methylstyrene―styrene %―
Reactivity of p-methylstyrene/Reactivity of styrene
= 1.4 - 1.8
(Reactivity of p-methoxystyrene/Reactivity of styrene)
was calculated by multiplying (Reactivity of p-methoxy-
styrene/Reactivity of o-methoxystyrene) by (Reactivity oi
o-methoxystyrene/Reactivity of styrene). (Reactivity
of p-methoxystyrene/Reactivity of styrene) could be cal-




























































































0.5) for the copolymerization of p-methoxystyrene (M]_)
with styrene (M2) using boron trifluoride ether'ate at
30°C(see Chapter 3). However, the (rls r2) value for
that system was less accurate because of the large dif-
ference between the reactivities of two monomers. Hence
the reactivity of p-methoxystyrene relative to that of
styrene was calculated indirectly with the aid of o-
methoxystyrene, which has intermediate reactivity. Co-
polymerization of p-methoxystyrene and o-methoxystyrene
by stannic chloride―trichloroacetic acid was not pra-
ctically carried out, and the (r-^, r2) value for this
monomer "pair with boron trifluoride etherate catalyst
was used for calculating the relative monomer reactivity
in polymerization with stannic chloride―trichloroacetic
acid.
3.2 Determination of the transfer constant ratio
To compare growing ion reactivities the chain transfer
constant ratio for 3.certain transfer agent must be known.
The chain transfer constant ratios for toluene in catio-
nic polymerization of styrene derivatives were determined
as followsg
As o- and p-methoxystyrene have almostly the same
dielectric constant as chloroform, variation of con-
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centration of monomer in toluene will cause change in
the dielectric constant of the polymerization solution.
To avoid this, the right amount of chloroform was added
to the system with decrease in monomer concentration.
The polymerization solution comprised toluene 90 vol.9°and
(monomer plus chloroform) 10 vol.^. Plotting the re-
ciprocal of the degree of polymerization of the resultant
polymer against the reciprocal of the monomer concentra-
tion, the chain transfer constant ratio for toluene
(kr/kp) and the monomer transfer constant ratio (k-^/kp)
were determined from the slope and intercept of the
straight line, respectively, in accordance with equation
(10-17): ―
l/P = Wkp + kr/kp. [r] / [M] (10-17)
where [rj is the concentration of toluene, and the
unimolecular termination reaction was neglected. One
lot of experimental results is shown in Fig. 10-11.
As both p-methylstyrene and styrene have almostly
the same dielectric constant as toluene, the monomer
concentration could freely be changed in toluene without
affecting dielectric constant of the solution. Plotting
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l/fM] (l/mole)
Fig. 10-11 The plot of l/P versus l/fMI
pol nierization of p-methoxystyrene by
SriCl,.CCUC00H in toluene at 30°C
.80 x 10 4 ikj/k = 2.50 x 10~5
degree ox polymerization of the polymer, kr/kp and
k+ /k^ were derived. Results are shown in Pigs. 10-12
and 10-13.
Experimentally-based results for kr/kp and k-^/kp









Pig. 10-12 The plot of l/f versus [r] /














kr/k≪>= 2.45 x io"5
40
Fig. 10-15 The plot of l/f versus [r]/[M]
Polymerization of p-mpthylstyrene by
SnCl^CC^COOH in toluene at 30°C.















































































































































































































5O Comparison of growing ion reactivities and of monomer
transfer constants
The relative reactivity of growing ion in the trans-
fer reaction (Rj') was calculated using equation (10-13),
the results being shown in Table 10-11.
There the relative reactivity of the p-methoxy-
styrene cation was calculated with the aid of o-methoxy-
styrene as in Table 10-8, that is, the k^-ratio, calcul-
ated as follows;―
lc p-methoxystyrene/kp styrene
=(k_ p-methoxystyrene/kp o-methoxystyrene) x
(kp o-methoxystyrene/lc styrene)
was introduced into equation (10-11)= Also, in the case
of polymerization "by stannic chloride―trichloroacetic
acid, the (k^ p-methoxystyrene/k o-methoxystyrene)
value for boron trifluoride etherate polymerization was
used.
The relative value of k-fcmwas calculated using
equation (10-13). The relative reactivity of monomer in
the monomer transfer reaction (R^-1) was calculated from
the ktm-ratio and Rj1 in Table 10-10. There it was
assumed that equation (10-18) which was assumed for the
-421-
propagation reaction (see equation (IO-3) also holds in
the monomer transfer reaction,
For monomers i and j,
(10-18)
%,'/%' = (W.Atm-J ' (%'/%') (10-19)
The results are shown in Table 10-1?.
4≫ Discussion
4.1 Considerations regarding monomer and ion reactivities
It is well known that the introduction of
electron donating substituent at the phenyl group of
monomer increases the reactivity of monomer in the catio-
nic polymerization. Table 10-9 shows that clearly. The
relationship between log Ry, and the Hammett
substituent constant ( C-value) was studied
on p-chlorostyrene, styrene, p-methylstyrene and p-methoxy-
styrene in Pig. 10-14.
I? means the reactivity of monomer in the propaga-
tion reaction and is the approximate value of (rate
constant for the addition of styrene derivative to styrene











































































































































styrene cation), In the present investigation, IL. for
the polymerization by stannic chloride―trichloroacetic
acid was plotted. Okamoto-Brown's ff1 ' value was
used for the electron withdrawing sutstituent con-
stant. Tobolsky ' and Marvel^ reported that <T value
is more suitable to the present purpose than Hammett's
(T value. From the slope of the straight line of Fig.
10-14,f = -1.8 was obtained, which is in close agree-
ment withj^ = -2.34 reported by Overberger for the rate
constant of the addition of styrene derivative to (X -
methylstyrene cation, and with P = -1.44 reported by
Marvel for the rate constant of the addition of styrene
derivative to 2-chloroethyl vinyl ether cation.
Ifext, a Hanunett plot was made for RT' determined at
30 C by stannic chloride ― trichloroacetic acid, log
R-j-'― (J plots was made for the same four of monomers



























Fig. 10-15 The relationship between log Rj' and C
Okamoto-Brown' s n-+ constant
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Rj･ means the ratio of (transfer constant of the styrene
derivative cation for toluene)/(the transfer constant of
the styrene cation for toluene). Prom Pig. 10-15 P =
2.1 was obtained. The sign of fl was opposite to that
in Pig. 10-14? which means that the electron
donating substituent decreases the reactivity of the grow-
ing ion. In other words, the larger the reactivity of
monomer, the smaller the reactivity of growing ion. This
confirms that the relationship observed for chlorostyrenesr
holds also in the styrene derivatives having a resonance
electron donating substituent.
On p-substituted styrene the reactivities of monomer
and growing ion are determined mainly by the electronic
effect of the substituent. Let us consider o-methoxy-
styrene, where the large steric effect could be expected,
and investigate the correlation with o-chlorostyrene.
Even in the monomer having a resonance electron donating
methoxy group, the reactivity of growing cation made
from the ortho isomer was found to be larger than that
from the para isomer, analogously to what obtains with
chlorostyrenes. However, the monomer reactivity of the
para isomer was found to be larger than that of the ortho
isomer, contrarily to what holds for the chlorostyrenes.
■427-
In p-methoxystyrene the resonance stabilization due to
contribution of structure (il) is supposed to be very
large-*-/,while in o-methoxystyrene that kind of resonance
stabilization will be decreased by deviation of the car-
bonium ion from coplanarity with the phenyl group, lead-





The reason why the effect of o-substituent on the reacti-
vity of monomer was opposite for chlorostyrene and methoxy-
styrene is not at present clear.
4.2 The nechanism of the monomer transfer reaction
Rjc' will now be discussed. Prom the experimental
results it has been suggested that the phenyl group of a
styrene derivative participates the monomer transfer
reaction. The reaction site of the monomer transfer re-
action was deduced from the electron density calculated
by the molecular orbital method for the six kinds of
monomers used in this investigation, and is indicated
-APR-
















^ince the reaction site is not constant relative to the
vinyl group and the q- -value for vinyl group is not given,
quantitative treatment of R^' (cf = section 4≪l) was not
possible.
RjrL'for o-methoxystyrene and p-methylstyrene, where
the steric effect of the substituent on the reaction site
of monomer transfer reaction may be less important, are
larger than Rjj1 for styrene. Furthermore, Rjj1 for p-
methoxystyrene, where the monomer transfer reaction will
occur in the neighbourhood of a large substituent, is
not so large as would be expected from the R^ value, and
is sometimes smaller than R 1 for styrene. These obser-
vations suggest a steric effect as well as an electronic
effect of substituent on the monomer transfer reaction, and
such have also been observed in the chain transfer
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reaction for aromatic compounds ■''"-'.The experimental
results described here support the view that the monomer
transfer reaction takes place at the phenyl group of the
monomer.
Since the monomer transfer reaction is a reaction
tetween a carbonium ion and a phenyl group, it is virtually
the same reaction as the chain transfer reaction to aro-
matic compound. So it is worth comparing k^m/k_, k^/kp
and kts/kp obtained in cationic polymerization of a par-
ticular monomer with each other to estimate of the re-
activity of the phenyl group of the monomer in an electro-
philic substitution reaction. In Table 10-13,k-|;mwas
was taken for the standard and kri and k-j. were compared
Table 10-13 The comparison of ktm/k_, ^t/K, and kts/kp
















k+m : chain transfer constant to monomer
kr
kts
s chain transfer constant to toluene
: chain transfer constant to benzene
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withk-tm. ^ was c^ear that the phenyl group of a monomer
with chlorine substituent is less nucleophilic than
toluene, and that the phenyl group of monomer with
electron donating substituent is nore reactive
than toluene, and that the p-methoxy group has some steric
effect in the monomer transfer reaction. These kinds of
electronic and steric effects of the substituent are in
good agreement with those expected from the mechanism of
monomer transfer reaction proposed in Chapters 3 an^ 4≪
To sum up the following could be concluded from the
present investigation:―
Styrene derivatives having a resonance electron
donating substituent, viz. p-methylstyrene, o-methoxy-
styrene and p-methoxystyrene, were polymerized by stannic
chloride―trichloroacetic acid at 30°C, and the effects
of substituent on the reactivities of the monomer and
growing ion were investigated. Using in addition ex-
perimental results for chlorostyrenes, log IL.-gJand log
Rj1.―0-fplots were constructed for the three kinds of p-
substituted styrenes and for styrene itself, leading to
P~- 1.8 and 2.1, respectively. It can be concluded
that increase of electron donation by the
-431-
substituent increases the reactivity of monomer but
decreases that of crowing ion.
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Chapter 11 The Cross-transfer Reaction in the
Copolymerization
Section 11.1 Lowering of Degree of Polymerization of
Copolymer
1. Introduction
It has generally been recognized that in cationic
polymerization the degree of polymerization of a copolymer
is very much lower than those of the homopolymers used.
Imoto, ' Medvedev, ' Sigwalt*' and KtiklrT' reported on
this, but the reason for the lowering is not clear. In
this laboratory, copolymerization of isobutene with sytrene
or d. -methylstyrene has been investigated, the degree of
polymerization of the copolymer studied kinetically, and
the lowering of the degree of polymerization of the copo-
lymer was explained kinetically by introducing the idea
of cross-transfer reactions from cation 1 to monomer 2
(equation (11-4))and from cation 2 to monomer 1 (equation
(ll-5)) ･ In this kinetic scheme the degree of polymeri-
zation of the copolymer (p) was given by equation (11-7)
allowing for the transfer and. termination reactions
(equations (11-1)-(11-6)).
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Galling (^ /kpi2 + ktm21/kp21 ) in equation (ll-7)
A, A- explains the cross-transfer reaction term, and depends
on the polymerization conditions. The value of A determines
the degree of lowering of the degree of polymerization of
the copolymer.
A few experimental values for A have been reported,5/
but it is quantity which has been little discussed. In
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the present investigation A was found for several copoly-
merization systems, and using the information about monomer
transfer reaction obtained in Part 2 a substantial study
was made of the reaction leading to low molecular weight
copolymer.
2. Experimental
2.1 The polymerization procedure and the reagent
Copolymerizations of styrene and ex.-methylstyrene
were carried out using titanium tetrachloride―trichloro-
acetic acid as the catalyst at -78 C in toluene and in
methylene chloride. The polymerization procedure and the
purification of reagents were previously described.
Of the monomer reactivity ratios (r-^, ^) in the copoly-
merization of isobutene with styrene and isobutene with
d.-methylstyrene, some were obtained in the present in-
vestigation and others have been reported from this labora-
tory. Though these monomer reactivity ratios were determined
for copolymerization by titanium tetrachloride (co-catalyst
possibly water), the effect of co-catalyst on monomer re-
activity ratio is considered to be small.
Comiiorcial methanol for the Karl-Fischer apparatus
(Mitsubishi Chemical Co., water content 2 mg./ml. was used
-435-
as chain transfer agent.
2.2 Determination of the molecular weight of copolymer
and of copolymer composition
For three kinds of homopolymers produced here, the
intrinsic viscosity―molecular weight equations are re-
ported. However no equations are reported for copolymers
of many compositions. Rehner ' found that the intrinsic
viscosity―molecular weight equations for toluene solutions
of polyisobutene and polystyrene were very similar, and
considered that when the molecular weight of itobutene―
styrene copolymer is calculated from an equation for a
homopolymer, the error will not exceed 10 °/o.In accordance
with view, molecular weights for copolymer were calcutted
from the intrinsic viscosity at 30°Cin toluene, (which is
a good solvent common for all three homopolymers) using
equations (11-8), (11-9), and (ll-10): ―
Polystyrene7^]= 1.22 x 10"4 x M^*7° (11-8)
Polyisobutene8)^ ] = 2.0 x 10"4 x M°-67 (ll-9)
Poly-rf-methylstyrene^) [~n] = 1-92 x 10~4 x I0*66
(11-10)
For example, the molecular weights of isobutene―
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styrene copolymers were calculated as the algebraic mean
of molecular weights found by equations (11-8) and (11-9)
from the intrinsic viscosity of copolymer at J>O°Qin toluene.
The degree of polymerization of copolymer was calculated
from the molecular weight of the latter and the hypotheti-
cal molecular weight of the hypothetical monomer, which
depended on the copolymer composition.
The composition of styrene―oc-methylstyrene copolymer
was determined from the ratio of optical densities of the
infrared absorptions at 2986 cm" and 2850 cm" , measurements
being made in carbon tetrachloride solution.^-R)
3. Results
3.1 The determination of monomer reactivity ratio (r-p ^)
and A-value in the copolymerization, and the resolution
of A into its components
3.1.1 Determination of monomer reactivity ratio
Since copolymerizations of isobutene with styrene '
and isobutene with ot -methylstyrene
5)
have been narTififl ni3"h
elsewhere, copolymerization of styrene and OC-methylstyrene
was carried out in toluene and in methylene chloride. The
copolymer composition curves determined by the method















Mole fraction of styrene in
monomer feed
Pig. 11-1 Cationic copolymerization of styrene (Mi) and
ot-methylstyrene (M2) at -78°Cby TiCl4-CCl5COOH
Solvent, (o)s toluene (a)i methylene chloride
more reactive 06-methylstyrene entered into the copolymer
composition more than did styrene. Monomer reactivity ratio
were determined by the cross-section method; see Fig. 11-1.
3.1.2 Relationship between composition of monomer feed
and the degree of polymerization of copolymer
The degrees of polymerization of the copolymers obtained
under the various conditions were calculated by the method
described in section 2.2, and considered in relation to
composition of monomer feed.
Fig. 11-2 a, b shows the relationship between the com-
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position of monomer feed and the degree of polymerization
of copolymer in the copolymerization of styrene and o<-
methylstyrene. Figs. 11-3 and 11- % show for comparison the
relationships for isobutene―ot-methylstyrene and isobutene ―






















Mole fraction of styrene in
monompT fped
Fig. ll-2b
Fig. 11-2 P of copolymers of styrene (Mi) and oo-methyl-
styrene (M2) as a function of monomer composition.
Copolymerization at -78°C by TiCl^CCljCOOH.
a.s Copolymerization in toluene
b ; Copolymerization in methylene chloride
Curves were calculated from eq..(ll-13) an<3.the
corresponding A values.
P ( O , ･ ) was determined with using [^ ]―
molecular weight relationship forpo]y~- a-















Mole fraction of isotmtene in
monomer feed
Fig. 11-5 P of copolymer of isobutene (M^) and a -methyl-
styrene (TVL,)as a function of monomer
composition.
Copolymerization at -78°Cby TiCl4 in methylene
ohio-ridp.
Curve corresponds to A = 30 x 10"5 (eq. (H-13)
(G)was determined by Eq. (11-10).















Mole fraction of isobutene
in monomer feed
Fig. 11-4 P of copolymer of isobutene (M]_) and styrene
(M2) as a function of monomer composition
Copolymerization at -78°Cby TiCl^ in methylene
chloride
Curve corresponds to A = 5.25 x 10"^ (eq. (ll-13)≪
Co)was determined by Eq. (ll-8).
(･)was determined by Eq. (ll-Q).
Comparing Pigs. 11-2 la, 11-3 and 11-4, which relate
to copolymerization in methylene chloride, it is clear
that the lowering of the degree of polymerization of copo-
lymer is most marked in copolymerization of isobutene with
o(-methyl styrene.
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When calculating the value of A by equation (11-7), some
of the monomer transfer reaction, the unimolecular ter-
mination reaction and the solvent transfer reaction must
as a first approximation be taken to be the reaction
determining the degree of polymerization. In the cationic
12)polymerization of isobutene, styrene ' and a -methylstyrene,
the monomer transfer reaction predominates, especially in
methylene chloride. If the degree of polymerization of
homopolymer is assumed to be controlled by the monomer
transfer reaction, equation (11-11) can be deduced:―
p =
r^ft^]2 + 2[M1][M2] + r2[M2]2
tmu










The above assumption implies equation (11-12),
h = S/^n ' f2 = kP22/ktm22 (11"12)
giving equation (11-13 )f―
r-^M-LJ2+ 2[M1][M2] + r2[M2J2
p =
r^, r2, Pi and P2 are f°r a particular copolymerization
system. If the concentrations of monomer 1 and 2 and the
degree of polymerization of copolymer produced from the
monomer feed are known, the value of A can be calculated
by equation (11-13) for each monomer feed. Averaging A
values over various monomer feeds, the mean value of A for
the copolyraerization system is obtained. Figs. 11-2, 11-3
and 11-4 show values .of A thus calculated and the cal-
culated curve of the degree of polymerization of copolymer
corresponding to them. The calculated curve is in close
agreement with the observed degree of polymerization of
copolymer. Thus, the value of A can satisfactorily explain
the lowering of the degree of polymerization of copolymer.
In Pig. 2 a and b the accuracies of the values of A are
shown.
Monomer reactivity ratios and A values thus obtained
are summarized in Table 11-1.
The literature values are also given in Table 11-1. This
Table shows that the A value for isobutene―c(.-methylstyrene
copolymerization is essentially large, and this corresponds















































































































































































































3≪1≪3 Resolution of A
To investigate A value in more detail, it must be
solved into its components. For this purpose, the assump-
tion that the rate constant can "beexpressed as the product
of the values of the ion and the monomer reactivities was
again made. Applying equation (lO-l) to kp and equation
(10-18) to k+m, equation (11-14) is obtained:―
ktm12 = %' ' %'
＼2 = % ' %
(11-14)
where Rj and Rjj are reactivity of ion and monomer res-
pectively, the reactivities in the propagation and in
transfer reactions are expressed without and with '"" res-
pectively, and the suffix number denotes the kind of ion
or monomer.














If the degree of polymerization of polymer obtained start-
ing with an initial monomer concentration of 20 vol.fais
assumed to be equal to the reciprocal of the monomer transfer
constant (P = kp/k-tm)? because the monomer transfer reaction
predominates in the cationic polymerization of isobutene,
12)
styrene , and o^-methylstyrene as mentioned previously,
p and q.are known.
Therefore,













and the product p.q. is known.
(11-16)
If x is taken for ktm12/lsp12and Y is taken for ktm21/kp21
x + y = A x.y = p.q. (11-17)
From the simultaneous equations (ll-17), x and y can be
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estimated, since A, p and q are known. The results of cal-
culating x and y are shown in Table 11-2.
Since x and y thus obtained are the conjugate root of
the simultaneous equation (11-17)≫ it is not known whether
it is x or y which corresponds to k^-m /kp . In Table
11-2, it was assumed that the larger was as x, and that
the relative value of x and y did not change with variation
in solvent dielectric constant.
The Table showed that the x/y ratio was very much
greater than unity, and that though A was apparently deter-
mined by two components, it was in practice controlled by
one of the two.
When x and y are investigated in greater detail, it
is found that the predominant rate constant ratio x dec-
reases with increasing solvent dielectric constant
in copolymerization of isobutene with styrene or U-methyl-
styrene, and that y behaves oppositely. This means that
the behavior of x corresponds to the styrene-type of monomer
transfer reaction (in the cationic polymerization of styrene
and its derivative, the monomer transfer constant ratio
becomes smaller, the more polar the solvent); and that in
copolymerizations of the above monomer-pairs the isobutene






































































































about a cross-transfer reaction leading to a large A value
and an extremely low degree of polymerization of copolymer.
5.2 The estimation of the reactivity of growing ion in
the transfer reaction
As the monomer transfer constant k^m was considered
to depend on the reactivities of the ion and monomer in
the transfer reaction, these reactivities must "be determined
in order to clarify the mechanism of the cross-transfer
reaction. In section 3≪2, the reactivities of isobutene
cation, styrene cation, and U -methylstyrene cation in the
transfer reaction will be estimated.
3.2.1 The method
The method of the determining the reactivity of a
growing ion was previously given in Section 10.1. Firstly,
the chain transfer constant ratios of cation 1 (kp /k^ )
and cation 2 (kr /kp ) towards a certain transfer reagent
are determined. Secondly, the copolymerization of monomer
1 and monomer 2 is carried out to obtain (r]_, ^) values
under the same condition as for the determination of 1^/kp,
and the k -ratio is given by the relation (r^/^y^ kp Ap ･
Thirdly, the relative ion reactivity ^ , which is assumed
to he equal to k_
^1










Methanol was used as the chain transfer agent, and
the chain transfer constant tfatio for it (kr/kp) was
obtained from equation (ll-19)f―
l/P = l/P + kr/k . [r]/[M]
where P and PQ are the degree of polymerization of polymer
produced in the presence or absence of methanol respectively,
polymerization conditions otherwise being kept constant,
and [r] is the concentration of methanol. In this investi-
gation very small amounts of methanol were used. To avoid
the complication from the co-catalytic action of methanol,
an equivalent amount of trichloroacetic acid, a very strong
co-catalyst, ?/as complexed with titanium tetrachloride and
this catalytic complex added to the polymerization solution
containing methanol. To minimize the effect of adventitious
water and to sequre reproducible results, each experiment
was run at least in duplicate.
5.2.2 The transfer constant ratio to methanol (kr/kp)
Polymerizations were run keeping the monomer con-
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Fig. 11-5 The plot of l/f versus [rj/[MJ. Polymerization
20
of isobutene in CH2C12 at -78°Cby TiCl^CCljCOOH.
(rj j concentration of methanol




centration constant (10 vol.c/o,1.15 mole/l.) and changing
the concentration of methanol. Values of k^/k^, using
equation (11-19) are shown in Figs. 11-5? 11-6, and 11-7-
The slope of the straight line gives kr/kp, values of the

















Pig. 11-6 The plot of l/p versus [r]/[MJ. Polymerization of
styrene in CH2C12 at -78°Cby TiCl^CGl^COOH
[ r J : concentration of methanol











Fig. 11-7 T^e plot of l/p versus [r]/[M]. Polymerization of
c^ -methylstyrene in toluene at -78°C by
TiCl.-CCljCOOH
[r]s concentration of methanol
[M]; concentration of J,-methylstyrene
kp/kp : 0.02
Table 11-3 Transfer constant ratio to methanol (kr/kp)








3.2.3 The ratio of propagation constants (k_ /kp )
The :;propagation constant ratio can be calculated
from (r-i, ^) value as described in 3≪2≪1. The results of
calculations using the data in Table 11-1 are shown in
Table 11-4.
3.2.4 The ratio of the ion reactivities, "£"
& is calculated by introducing the data of Tables
11-3 and 11-4 into equation (11-18), and values of it are
shown in Table 11-5･
The Table shows that growing ion reactivity can be arranged
in a decreasing order isobutene ^>styrene^ c/ -methylstyrene.
Thus, it is evident that the isobutene cation reactivity
is high enough to readily bring about a cross-transfer
reaction with other monomers.
3.3 Reactivity of monomer in the transfer reaction





































































































































































transfer reagents were investigated.
3.3.1 Method
The degree of polymerization of copolymer in copoly-
merization of monomer 1 and monomer 2 is given by equation
(11-13). If very small amount of styrene or o^ -methy1-
styrene (M2) is added to the isobutene polymerization system
(Mt), the reciprocal of the degree of polymerization is
given "by equation (11-20), obtained by modifying equation
(11-13): ―
l/p ^
Y r-jM-J2 + AfMjfMgJ
r1[M1]2 + 2[Mj[M2J
(11-20)







In equation (11-21), 2[l/L]/r-,[M, J is very much smaller
than unity, so substituting (ktm-L2/kp12 + ktm21/kp21 )
for A and k^ /lc_ for r, ;―
Til' T-io 1'
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l/P = l/P1+ (ktmi2/kpii+ktm2i/kp2i.l/r1-2/P1.r1)[M2j/fM1]
(11-22)
Putting (ktmi2/kpn + ktm2i/kp2i .l/ri - 2/P1.r1) equal to B,
l/P = l/Pi + B[M2]/rM1] (11-23)
If l/p is plotted against [M2J/[M;l], a straight line will
be obtained, the slope of which will give B. Of the com-
ponents of B, Pi and r-j_ are known, and k^m /kp is
obtainable by resolving A. So, k^m /kp can be found.
k+~ /k_ is the ratio of the constant for the chaintm12/"p11
transfer reaction from isobutene cation (l) to styrene
derivative monomer (2) to the propagation constant for
isobutene. By using various kinds of monomer (2), the
reactivities of monomers as a chain transfer reagents can
be compared.
3.3*2 Determination of B and k^m /lc^
A methylene chloride solution of isobutene (concentra-
tioni 1.15 mole/l., 10 vol^) was polymerized in the pre-
sence of very small amounts of styrene and oi-methylstyrene
(concentration : 7 x 10~5 - 4.4 x 10" mole/l.), and the
reactivity of the styrene derivative as a transfer agent
-457-
4.02.0
[St] / [IBJ x 102
-4C3-
Pig. 11-8 The plot of l/p versus [styrenej/fisobutene].
Polymerization of isobutene in the presence of
small quantity of styrene in the solution of
CH2C12 at -78°Cby TiCl4≫CCl5COOH
B = 0.42 x 1CT?
was examined. The plots according for equation (11-25)
are shown in Figs. 11-8 and 11-9･
The k^m /kp 's thus obtained are summarized in
Table 11-6, where the transfer constant ratios of isobutene
cation to toluene and to isobutene monomer are also listed.
The Table shows that the reactivities of those four kinds
of compounds lie in the decreasing order: <X-methylstyrene
> styrene > isobutene > toluene. It was thus made clear
that the isobutene cation very easily causes a cross-


















Fig. 11-9 The plot of l/p versus[06-methylstyrenej/
[isobutene]. Polymerization of isobutene in the
presence of small quantity of oL -methylstyrene
4'
B = 29.6 x 10~2
5≫4 Copolymer structure
The infrared spectrum of the low molecular weight
copolymer of isobutene and 0C-methylstyrene was investigated.
Fig. 11-10 shows the infrared spectrum of an isobutene―Jl
-methylstyrene copolymer produced at -78°Cby titanium
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A weak absorption appears at 825 cm" , which is not found
in polyisobutene of almostly the same degree of polymeri-
zation (Fig*. 2-4) and is scarcely detectable in poly-oc -
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Pig. 11-10 Infrared spectrum of isobutene―d-methyl-
styrene copolymer obtained in CHpC^ by
TiCl/.CCl^COOH at -78°C, pv= 43
(Fig, 2-5 A). This absorption may be assigned to the p-
substituted phenyl group1^), suggesting the cross-transfer










-CH3 + HMR X0 (11-24)
CH3 CH2
4o Discussion
The reactivities of growing ion and monomer in the
transfer reaction, and copolymer infrared spectrum will
here nov be discussed.
Firstly, the decreasing order of the reactivity of
growing C9,tion:isobutene > styrene 2 o£-methylstyrene is
to
due.the carbonium ion on the styrene cation or oC-methyl-
styrene cation being conjugated with the phenyl group and
resonance-stabilized, while with the isobutene cation the
carbonium ion is less /-stabilized by resonance and is un-
stable. In copolymerization of styrene with d -methyl-
styrene, the lowering of the degree of polymerization of
the copolymer is not so large as when copolymerizing with
isobutene as a component (Fig. 11.2 a and b), because the
styrene and oi-methylstyrene cations are stable. In
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section 3.2 the reactivity of growing ion was estimated
using the chain transfer constant to methanol. As mentioned
in the discussion of Section 10.2, the absolute value of
the reactivity of the growing ion will change with change
of transfer reagent (the relative order does not change).
Refferine to Section 10.2, the difference between the re-
activities of chlorostyrene cations was greater when less
reactive benzene was used as a chain transfer agent than
when more reactive toluene was employed. On this basis,
the difference between the reactivities of growing ions
will be reduced when very reactive methanol is used as the
chain transfer agent, but nevertheless, the reactivity of
isobutene cation was then found to be five times as large
as for the styrene and ot-methylstyrene cations. Since
the cross-transfer reaction is essentially a reaction with
the phenyl group, which is less reactive than methanol,
the difference between the reactities of isobutene and
styrene derivative cations will be enhanced more in the
reaction with phenyl.
Secondly, the decreasong order monomer reactivity
in the monomer transfer reaction: OC-methylstyreney styrene>
isobutene^> toluene, will now be discussed. The chain
transfer reaction to three kinds of aromatic compounds
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other than isobutene takes place at the phenyl group,
taking into account the experimental results on the chain
transfer reaction of styrene to aromatic compounds^-4/jl?/
^6) and on the monomer transfer reaction of styrene deri-
vative given in Part 2. From the k~ /k- values of
^12 pll
Table 11-6, styrene and d -methylstyrene were more reactive
as chain transfer reagent than toluene which is explicable
in terms of a larger degree of resonance stabilization in
the activated state of monomer transfer reaction with the
styrene compounds. It was also found that oi -methylstyrene
showed larger reactivity in the monomer transfer reaction
than styrene, which is explicalbe in terms of a larger
contribution of resonance stabilization and the large
positive inductive effect (+l) of the Ot -methyl group of
d-methylstyrene. The experimental results stated here
support the mechanisms of the cross-transfer (equation
(11-18)) and the monomer transfer reactions for styrene
compounds proposed in Part 2.
Thirdly, the results of infrared spectroscopy are
supporting evidence for the kinetic conclusion about the
cross-transfer reaction. In general, the monomer reactivity
in the transfer reaction is parallel to that in the pro-
pagation reaction, leading to the relationship that a more
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reactive monomer in the transfer reaction makes a less
reactive cation. Hence in homopolymerization under mild
conditions, the low molecular weight polymer which makes
the end group analysis by infrared spectroscopy possible
is hardly obtainable. However, in copolymerization the
reactivities of two monomers are usually different, leading
to production of growing ions of different reactivities.
Hence, reactive monomer and reactive ion can exist simul-
taneously in the system, leading to an extremely low mole-
cular weight copolymer, making end group analysis by infrared
spectroscopy possible. Practical confirmation of reaction
(11-24) was secured. That the A term involving mainly
reaction (11-24) becomes smaller with increasing dielectric
constant of the polymerization solution, falls well into
line with the behavior of the styrene-type monomer transfer
reaction related in Part 2.
As mentioned above, in cationic polymerization, es-
pecially in copolymerization of isobutene and styrene com-
pounds, the reactive cation and reactive monomer can exist
simultaneously. .Lowering of the degree of polymerization
of copolymer is, therefore, inevitable in cationic popolymeri-
zation. However, it can be stated from information obtained
about the monomer transfer reaction, that if it is desired
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to obtain copolymer having the highest possible molecular
weight from a given monomer pair, polymerization must be
performed under conditions such that the styrene-type
monomer transfer reaction is suppressed, i.e., in a polar
solvent and using a weaker catalyst. If one is seeking
a monomer giving a copolymer of maximum molecular weight
in copolymerization with isobutene for certain polymeriz-
ation conditions, a monomer which exerts a large steric
effect in the styrene-type monomer transfer reaction, e.g.
p-methoxystyrene, will be suitable.
To sum up, the following emerged in the present in-
vestigation. When cationic copolymerizations of isobutene
with oi -methylstyrene, of isobutene with styrene, and of
styrene rtith ot -methylstyrene catalyzed by titanium tetrach-
loride―trichloroacetic acid were carried out at -78°Cin
toluene and methylene chloride, it was found that the degree
of polymerization (?) of the copolymer was usually lower
than that of the homopolymer, and that the extent of lower-
ing of f lay in the orders copolymer from isobutene―d-
methylstyrene > isobutene― styrene > styrene―c(-methylstyrene.
To clarify these experimental facts, chain transfer cons-
tant ratios to methanol for these three growing cations
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were determined to estimate their reactivities. They were
found to lie in the sequence: isobutene cationy styrene
cation /ot -methylstyrene cation. Next, the reactivities
of four kinds of chain transfer reagents towards isobutene
cation were determined? and found to lie in the order;
oc -methylstyrene > styrene > isobutene ^> toluene. Thus,
the lowering of P was shown kinetically to be largest for
copolymerization of isobutene with OL -methylstyrene. In-
frared spectra of OC-methylstyrene―isobutene copolymer
showed finabsorption band at 825 cm , attributed to p-
substituted benzene produced by reaction between isobutene
cation and the phenyl group of cL -methylstyrene.
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Section 11.2 The Solvent Effect in Cationic
Copolymerization of Isobutene with
Styrene in Mixed Solvents
1. Introduction
Since Landler's investigation^-/ of ionic copolymeri-
zation, it has generally been accepted that the monomer
reactivity ratio, r-^ and ^≫ for ionic copolymerization
for a set of monomers is independent of the polymerization
condition, and that in most cases the product of r]_ and
rg is around unity. However, it has recently been re-
cognized that the above holds only for copolymerization
between styrene derivatives, / that the monomer reactivity
ratio is affected by the polymerization conditions and
that r^_r2 deviates from unity in copolymerizations where
two monomers of different structures,*'≫4/ and hence two
ions of different reactivities, participate, or in copo-
lymerization between two monomers with different steric
requirement in the activated state. '
Overberger et al.^J reported a change of monomer
reactivity ratio depending on the polymerization conditions,
in cationic copolymerization of isobutene and p-chloro-
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styrene. Variation of monomer reactivity ratio depending
on polymerization conditions in cationic copolymerization
of isobutene and styrene has been reported from this
laboratory.
This Section will describe experimental results for
the cationic copolymerization of isobutene and styrene.
Copolymerizations were carried out by titanium tetrachlo-
ride at -78°Cin n-hexane (low dielectric constant),
methylene chloride (high dielectric constant) and mixtures
of them, and a dependency of monomer reactivity ratio on
dielectric constant of solvent was observed. Section
11.1 noted a considerable difference between the stabili-
ties of the isobutene and styrene cations. The experimental
facts in the present Section were therefore discussed
in terms of difference between the stabilities of iso-
butene and styrene cations and of effect of the solvent
dielectric constant on growing ion stability.
Section 11.1 mentions a cross-transfer reaction
between isobutene cation and styrene monomer, and here
the effect of the solvent dielectric constant on the cross-
transfer reaction will be discussed.
This Section will thus deal with the effect of solvent




Purification of isobutene and styrene was described
in Chapter 2 and Chapter 4s of n-hexane and methylene
chloride in Section 1.1, and of titanium tetrachloride
qnd stannic chloride catalysts in Chapter 2.
2.2 Procedure
Five kinds of solvent were used in the present in-
vestigation: 100 ^-n-hexane, 75 ^o-n-hexane―25^-methylene
chloride, 50 >o-n-hexane―50^-methylene chloride, 25 <fo~
n-hexane―75$>-niethylene chloride, and 100 $-methylene
chloride (all volume percentages). All copolymerizations
were effected at -78°C(dry ice―methanol) usually by
titanium tetrachloride but sometimes by stannic chloride,
adventitious water being regarded as the co-catalyst.
The polymerization solution (total volume 50 ml.) comprised
one of the above solvents (40 ml.),plus monomer mixture
(10 ml.)containing varying ratios of isobutene and styrene.
Solvent and monomers were put in a 100 ml.falsk
equipped with a long calcium chloride tube and a catalyst
inlet ("a syringe). The polymerization solution was
cooled to -78°Cand the polymerization started by addition
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of precooled catalyst solution through the inlet.
Polymerization was stopped by adding a large amount
of methyl alcohol. Conversion was usually kept below
10 L/L Polymer precipitated was repeatedly washed by
methyl alcohol and dried in a vacuum at 40°C
2.3 Determination of copolymer composition
Elementary analysis is not convenient for deter-
mining copolymer composition, since the elementary
compositions of polystyrene (C °/o: 92 =27) and poly-
isobutene (C L/o: 85,63) differ but little. In the
present investigation, therefore, infrared spectro-
scopy was used for copolymer analysis. For this pur-
pose , the calibration curve between optical density
of the key band and copolymer composition has to be
known, and it was assumed that the mole extinction
coefficient of the key band in a copolymer is same as
in a mixture of the corresponding homopolymers, though
at present this has not been established experimentally.
However, the optical densities ratio D^r^-i cm"-'-/
D2923 cm"-1-,for copolymer prepared at upto 100 c/ocon-
version using an initial monomer composition styrene
0.7 mole fraction and isobutene 0.3 mole fraction,
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differs only by the experimental error from that of a
mixture polystyrene 0.7 mole fraction and polyisobutene
0.3 mole fraction (D3O6l cm~1/D2923 cm"1 was 0.289
for the copolymer and 0.293 for the mixture.)* This
experimental finding suggests that the above assumption
is reasonable.
Polyisobutene and polystyrene were prepared under
the same conditions as in the copolymerizaticn. A
carbon disulfide solution of the mixture of polyiso-
butene and polystyrene (concentration was 25 g/lr
solvent.) was made up for the infrared measurements.
The absorption at 3O6I cm"1, which appears only in
polystyrene and is ascribed to C-H stretching of the
phenyl group, and that at 2923 cm, which appears
both in polystyrene and in polyisobutene and is ascribed
to C-H stretching of the methylene group, were found
to respectively correlate well with moles of styrene,
and moles of styrene plus isobutene of the mixed
polymer. Plotting the optical densities ratio,
^3061 cm-l/D2Q23 cm~l , against mole fraction of styrene
in the mixed polymer, the linear relationship shown in
Pig. 11-11 was obtained. In the present investigation,














Mole fraction of styrene
The relationship between styrene-unit mole
fraction in the polymer mixture and
■^3061cm-l/D2g23 cm~-'-of infrared spectrum
spectra optical densities ratio of the copolymers
using Pig. 11-11. This method is based on the optical
densities ratio (not on absolute optical density),
affording the advantage that it is not necessary to
prepare carbon disulfide solutions of accurately known
concentration. The reproducibility obtainable by this
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method is shown below:―
Table 11-7 Reproducibility for determining Fj using
infrared spectroscopy
Ft in first run 0.123 0.175 0.492 0.830 0.924
P-i in second run 0.135 0.187 0.314 0.810 0.939
2.4 Determination of the degree of polymerization of
copolymer
The intrinsic viscosity―molecular weight relationship
for isobutene―styrene copolymer of various compositions
has never been reported. In the present investigation, the
moleculsx weight of the copolymer was calculated from the
intrinsic viscosity of the copolymer in toluene solution
at 30°C, using equations (11-25) and (11-26), assuming that
the copolymer is identical with polyisobutene or poly-
styrene.
[tij = 2*0 x 10""4 x wQ'6l for polyisobutene
30°C, toluene (11-25)6^
[^]= 1.22 x 10"4 x M^*70 for polystyrene
50°C, toluene (11-26)7'
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Since the true molecular weight of the copolymer is con-
sidered to lie between the molecular weights given by
equations (11-25) a^d (11-26), an algebraic m&an of the
two was taken as the copolymer molecular weight. The
degree of polymerization was calculated from the copolymer
molecular weight and composition.
2.5 Measurement of solvent dielectric constant.
Dielectric constants of n-hexane and methylene chloride
were obtained from the literature K The dielectric con-
stants of the solvent mixtures were measured in a stainless
steel cell which was connected to a circuit comprising a
frequency oscillator, a Wheatstone bridge and a multiplier
at 1 KC/sec.
3. Re suit s
3.1 Dielectric constant of mixed solvents
Dielectric constants of mixed solvents as measured
by the method described in 2.5 are shown in Table 11-8.
3.2 Cationic copolymerization of isobutene and styrene
in mixed solvents and determination of r^ and ?2
Cationic copolymerization of isobutene (M-j_)and styrene
(M2) was carried out in five different solvents. The
copolymer was analyzed by infrared spectroscopy and the
-476-














monomer reactivity ratio determined by the cross-section
method. Typical experimental results obtained in n-hexane
25^0―methyHsnechloride 75/°are shown in Table 11-9? Figs.
11-12 and 11-13.
Monomer reactivity ratios in other solvents were
obtained similarly. Copolymer composition curves are shown
in Pig. 11-14 and monomer reactivity ratios are listed in
Table 11-10.
Some of the copolymers obtained in three kinds of mixed
solvent vvere submitted to elementary analysis and the re-
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Fig. 11-12 The determination of r-i and
5

















section method, n-hexane 2^f/o―methylene
chloride 75^o
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Fig. 11-14 The copolymer composition curves for iso-
butene (M]_)-styrene (M2) copolymer obtained in
various solvents at -78°Cby TiCl/ as catalyst


























The effect of the nature of the counter ion on monomer
reactivity ratio was also investigated. Copolymerizations
using stannic chloride as the catalyst were carried out in
n-hexane 255°―methylenechloride 75 "/"･ Copolymer analysis
as above gave for the monomer reactivity ratio r^ = 3*75 ±
0.45 3?2 = 1.92 ±0.41 . Fig≪ 11-15 shows the copolymer
composition curve. In Fig. 11-15 also shows for comparison
the copolymer composition curve for copolymerization





Fig. 11-15 '■'-'hecopolymer composition curve for the
copolymerization of isotmtene (M]_) and styrene
(M2) by SnCl4 at -78°C
n-hexane 25°/°―methylenechloride 75^
(a) s SnClA (a) s TiCl4
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The following points emerged clearly from the ex-
perimental results?―
(i) In copolymerization of isobutene and styrene the
monomer reactivity ratio varies greatly with solvent
and catalyst,
(ii) Isobutene has generally been considered to be more
reactive than styrene in cationic polymerization.
Tliis obtains for polymerization in methylene chloride,
but not in n-hexane.
(iii) In copolymeriza/tion in mixed solvents, a growing
ca.tion tends to add the same kind of monomer,
leading to r]_ and T2 larger than unity.
(iv) The greater the solvent dielectric constant, the
greater the reactivity of isobutene.
(v) Slightly more styrene is incorporated into the
copolymer in copolymerization by stannic chloride
than in copolymerization by titanium tetrachloride.
3≪5 The degree of polymerization of copolymer produced
in mixed solvents and the determination of the A value
It was described in Section 11.1 how, in the cationic
copolymerization of isobutene and styrene, the degree of
polymerization of copolymer is considerably lower than
for the corresponding homopolymers under the same conditions,
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because in the copolymerization system isobutene cation,
which is very reactive in the transfer reaction, and styrene
monomer, which is very reactive as transfer reagent coexist
simultaneously and the cross-transfer reaction from iso-
butene cation to styrene monomer takes place very readily.
The A value, which comprises the cross-transfer constant
ratios, was used as a measure of the lowering of copolymer
degree of polymerization. The method of calculating the
A-value from the degree of polymerization of copolymer
was explained in Section 11.1. The degree of polymerization







+ 2[M1][M1] + r2[M2l2
2 + AlMjtMg] +ir2[M2]2
a ≫ k A + k A
12 P12 21 P21
(11-27)
where P-^ and §2 are respectively the degrees of poly-
merization of homopolymer from monomers 1 and 2, and [M]_j
andpMp] are monomer concentrations (mole/l..)of monomer
1 and 2, respectively. kr and kp are the rate constant
of the monomer transfer and the propagation reactions,
-48^-
respectively. Suffix 12 means a reaction between cation
1 and monomer 2, and suffix 21 means the converse. With
r^ , T2 and P]_, P2 given for a certain copolymerization
system, and having determined the degree of copolymerization
of copolymers obtained for various values of [ M]J andfl/^]≫
A values can be calculated using equation (11-27)
In order to investigate the effect of solvent polarity
on the monomer transfer reaction, A values in five kinds
of solvent were calculated. Table 11-11 shows experimental
results for n-hexane ^>Oc/o-~methjlenechloride 50 /'･
Fig. 11-16 shows the copolymer degree of polymerization
and the claculated curve corresponding for the A value thus
obtained*
A values were determined in other solvents by the same
procedure as above, and are shown in Table 11-12.
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-Fig.11-16 The degree of polymerization of copolymer as
a function of f^
n-hexane 5Q?°―methylenechloride ^Cffo
CO);p from eq. (11-25)
(A); p from eq. (11-26)
Similarly in investigation of the monomer reactivity-
ratio, the effect of catalyst on A was studied. In the
copolymerization by stannic chloride in the solvent of
n-hexane 25$―methylene chloride 75 /°?^ was found to
be 4.53 x 10"5.
The following points were made clear:―
-486-
(i) The more polar the solvent, the less readily the cross-
transfer reaction occurs. This is the same trend as
in cationic polymerization of styrene.
(ii) The cross-transfer reaction is little affected by
changing the catalyst, i.e., whether titanium tetra-
fihlorirlfior Rtarmir. r.hiorirle.
3≫4 The effect of solvent composition on the reactivity
of isobutene cation and the determination of B values
As is seen in equation (11-27) A is a combination of
two kinds of transfer constant ratios. It is therefore
difficult to use A to discuss the cross-transfer reaction,
though it provides a good explanation for the lowering of
the degree of polymerization of the copolymer. Section
11.1 proposed calculating k_ /k , the ratio of the
12 ^11
chain transfer constant of isobutene cation to styrene to
the propagation constant for isobutene, to enable the
cross-transfer reaction to be discussed quantitatively.
kr /kp was determined according from equation (11-28)
after calculating the degree of polymerization of poly-
isobutene obtained in a polymerization system consisting
of solvent (45 ml.),isobutene (5 ml.)and a small amount
of styrene. Introducing the relationship [M21<C[%]
-4-87-
















where P and P]_ are the degree of polymerization of poly-
isobutene obtained in polymerization with and without
styrene, respectively. Plotting P against [M2_!/M]J, the
slope of the straight line gives the B value. As kr /kp ,
Pn and v-i are known, k_, /k^ can be calculated from B.1 rL2 ^11
Determination of kr /kp for polymerization in n-hexane
75^>―methylene chloride 25 c/°will be adduced below by way
of example. Fig. 11-17 sho?/s the determination of B.
In this system ,21 .JL_ and =―- were previous-
^21 r2 prri
ly calculated to be 0.05 x 10 and 1.41 x 10"^",res-
pi/kp was found to be 2.21 x
10. B values and kr /kp were determined in other
kinds of solvents, and the resultant values were shown in
Table 11-13.









Pig. 11-17 The determination of B value
n-hexane 75'/°―methylenechloride 2J?°
11-13:―
B = 2.2 x 10~2
(i) B and ^rip/^Pll are Srea-^7 affected by the nature
of solvent.
(ii) kr /kp decreases with an increase of solvent
polarity, which is what was found for the monomer
transfer constant ratio in cationic polymerization
of styrene.
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It is noticed that the change in A value with change
in solvent composition runs pararell to that for kr /kp .
Therefore, the lowering of the degree of polymerization
of coDolvmer can be discussed in terms of the effect of
solvent polarity on kr /kp .
3.5 Extraction of copolymer
As shown in Table 11-10, the monomer reactivity ratios,
r^ and r2, obtained in the present investigation were
mostly lax&er than unity. This suggests the possibility
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that a mixture of the two homopolymers was obtained instead
of the true copolymer. In order to elucidate this point,
copolymers were subjected to solvent extraction.
The samples for the extraction were prepared by-
carrying out copolymerizations in five kinds of solvent.
The feed monomer composition was controlled to give a
copolymer having F-j about O.5. Table 11-14 shows this
preparation. It is observed that these copolymers contair
the isobutene unit, as expected from Fig. H-14. Since
the conversion rose to 100 % in polymerization No.l, the
expected F-i of copolymer No.l is 0.3 which is same as the
monomer composition of the feed.
Copolymer extraction was carried out by the method of
Sparks et al.,9) i.e., the copolymer was extracted by
acetone, acetone―methyl ethyl ketone mixture, methyl
ethyl ketone, and cyclohexanone in turn, and any final
residue was recovered. The fraction of copolymer ex-
tracted by each solvent was submitted to infrared spectro-
scopy to determine its composition. It would be expected
that the fractions extracted later would contain more
isobutene units. The extraction results are shown in Table
11-15.







O O O ff＼
vo ^D
O
o＼ u^ on "3- 31
k"n ir＼ LOi "vt- "*･ ^r
･ ･ ･ ･ ･ ―Jo o o o o o
o -=4-
o ** t- £r
m co t- a＼ k> ^
ro lt＼ ^t- "=i- i^
^
･ ･ * * * ^














CTs "vt" CM (M 'si" ･≪*■
00 t― CO r-H CT＼ CT＼
CM r-i CM CM rH r-t
o ･ ･ ･ ･ ･o o o o o o
O ■―'
o
. . . c .
O K^ f°> CO "^ r-＼O r-i M> CM i-t CM
n3
-3- C-- rr＼ r― O
GO r-t CO O O
I CO VO N"＼ O O
r-l OJ *=j" <M <M
･ ≪ e - o oC＼J LPv ≪vi- CM KN
･H S
D― CO CTs ^t" CT＼ Lf>
≪ e ･ ･ ･ o
N"N O IT＼ C― iH
C^








m LP＼ <M t>- rH rH
rH -vi- ^1- -sd- -^d- -^t-
IM N rl Wri NH rH rH
rHrHWr-lW H M W K
OOVDOVO OKO VO VOCAJ <MO OJO CMO U O
W ffi i td i W i i i
OO£O3 OS S £
O C＼J 00 CO CT＼ C^
O LO, CT＼ CD
v£) VO
NA ■^j- -vj- ir＼ ＼o vo
･ ･ ･ ･ ･ ･
O O O O O O
0)
CO
iH I^N ^f MD ON O＼






CT＼ t~ VO ^t- rH rH
･ ■> ･ ･ ≪ ･
<vi- C~- CO O CM CM
iH rH r-{
o rH <M KN ≪sj- ITS VO
I ' I I I I


















































r-j_is larger than unity and r2 nearly unity, and in n-
hexane, where r-^is less than unity and r2 larger than
unity, were completely extracted by acetone-methyl ethyl
ketone mixture, and considered to be tmie copolymers having
the random and sharply distributed composition. On the
other hand, copolymers obtained in mixed solvents, where
both r-^ and r2 are larger than unity, were extracted even
by cyclohexanone, and considered to be copolymers of widely
distributed composition. This is due to the somewhat
longer sequence of same kind of monomer arising because
both r-, and r2 are larger than unity- However, as traces
of cyclohexanone soluble material and no residue were pre-
sent in the copolymer, it appears that the sequence of the
same kind of monomer is not so long. Hence, the copolymer
obtained here may be considered to be a true copolymer to
which" the Mayo equation is applicable.
A considerable amount of copolymer was lost during
extraction. But the weight average F-j_(mole fraction of
isobutene unit in copolymer) of the sample calculated
from F-, of each fraction is approximately equal to F^ of
the original sample, hence discussions on extraction results
are considered to be valid.
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Here the effects of solvent dielectric constant and
of catalyst on monomer reactivity ratio (the propagation
reaction), A value, B value and kr /k^ (the transfer
reaction) will be discussed. For this purpose, the ex-
perimental data are summarized in Table 11-16, and Figs.
11-18 and 11-19-
4.1 The effect of solvent of r-^ and ^
Overberger et al.5/ proposed selective solvation of
the growing ion-pair by one of two co-monomers in order
to explain their experimental data on the copolymerizations
of isobutene with p-chlorostyrene and of chloroprene with
styrene. The results for methylene chloride and n-hexane
in the present investigation can be satisfactorily ex-
plained on Overberger et al.'s theory. In order to ex-
plain the experimental results with mixed solvents, however,
a new interprepation in addition to Overberger's theory is
needed. The author considers all the experimental results
explicable on the view that the solvent effect arises out
of differences in structures of the monomers giving rise
to differences in the cation reactivities, the isobutene

























































































































































Fig. 11-18 The dependencies of r＼and r2 on the
























Pig. 11-19 The dependencies of A-value and kr-,p/kp,1
on the dielectric constant of sol vent.
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the solvent.
The following matters were considered in connection
with explanation of the experimental results:―
(i) Four kinds of elementary reactions in copolymerization
are divided into eight steps -―
c Kla Klb
(iIB + IB : * complex of IB v - I^B - klx
IBR + St ―^ complex of St -IgS-^ stR k12
St^ + IB r―l―i complex of IB v ^ ^ IBR k21
c ^4a %b c
St + St -――* complex of St , ' St k22
where IBR and StR represent respectively the grow-
ing isobutene and styrene cations, and IB and St
denote respectively isobutene and styrene≪
(ii) The cation of isobutene is less stable and consequently
more reactive than the cation of styrene which is
resonance-stabilized by phenyl group. Therefore,
Kla > K3a' K2a > K4a> Klb > K3b and K2b > K4h ･
(iii)lsobutene is more nucleophilic than of styrene
(greater rate of !i-complex formation) but forns
12)
a carbonium ion more difficultly. Therefore,
-499-
Kla>K2a> K3a>K4a> K2b>Klb> H^>^'
(iv) The ion-pair can hardly be solvated in a non-polar
solvent such as n-hexane, so the stability of the re-
sultant carbonium ion is an important determining
factor in respect of reaction facility. This means
that the magnitude of K^ is important, whence k-Q
is smaller than k^ and k2]_is smaller than k22≪ This
leads to r-j_smaller than unity and r2 larger than
unity, which is actually the case. Moreover as
Ovcrberger et al.^' proposed in a non-pola.r solvent
selective solvation of the ion-pair by styrene is
important. This effect tends to make r-j_(<l) still
smaller and r2 (>l) still larger than unity.
The instability of the isobutene cation is re-
flected in the rate of polymerization. The explosively
fast polymerization of isobutene at -100°C by boron
trifluoride-'-*)has been cited as an example of the
rste of cationic polymerization being large even at
Iott temperatures. However, this holds only for poly-
merization in polar solvents such as chlorinated
hydrocarbons. The author compared the initial rate
of polymerization (IL) of isobutene with that of sty-
rene Expressing R as conversion (fo) per g. of
-500-
catalyst per second, R in the polymerization at
-78°Cby titanium tetrachloride at a monomer concentr-
ation of 10 vol. c/owas 27.65 for isobutene and 9.O5
for styrene in methylene chloride, and I.70 for iso-
butene and 1.26 for styrene in n-hexane. Taking into
account that in polymerization of isobutene in methy-
lene chloride polyisobutene precipitates out and that
occlusion of catalyst by polymer may occur, the R_
difference in methylene chloride must be much larger.
Moreover, allowing for the fact that in polymerization
of styrene in n-hexane the resultant polystyrene is
insoluble and that the same precipitation effect as
in the polymerization of isobutene in methylene chlo-
ride may obtain, the R difference in n-hexane must
be much smaller. It is also possible that Rp for
styrene in hexane is larger than for of isobutene.
The greater decrease in R_ for isobutene than for
styrene accompanying decrease of solvent dielectric
constant suggests that stabilization by solvation is
more important in the case of the unstable isobutene
cation than with the stable styrene one. This leads
to the conclusion that an unstable isobutene cation
is formed less easily in a non-polar medium.
-501-
(v) In a polar solvent such as methylene chloride, both
isobutene cation and styrene cation will be solvated
almostly completely, so that the difference in sta-
bilities of the growing ion―pp.irsis of minor impor-
tance in determining reaction rate, and consequently
the magnitude of K is important. This results in
kll'>^12 an(ik2x>k22? so in methylene chloride it is
to be expected that r will be larger than, and r?
is smaller than, unity. However, in practice r^ is
larger than unity and r~ is nearly equal to unity.
This discrepancy can be explained satisfactorily on
a basis that selective solvation of the growing
ion-psir by styrene obtains even in a polar medium
to give higher concentration of styrene in the vicinity
of the reaction site than in bulk. This enhances the
tendency of r-^ to be larger than unity, and makes
r2 nearly equal unity.
(vi) In a solvent of intermediate polarity, the reaction
between the olefinic double bond and a reactive cation
such as isobutene cation is affected mainly by the
equilibrium (a). On the other hand, the reaction of
a stable cation such as styrene cation is affected
mainly by equilibrium (b) (for the meanings of (a)
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and (b) see p. 499 )･ Hence kn>k12 and k22>k21,
leading to rj_larger than unity and r2 larger than
unity.
Passing from a 75^°n-hexane mixture to 25/°one
stabilization of the growing ion-pair increases and
the significance of step (a) gradually increases.
This is why r increases and r? decreases with in-
crease of the polarity of mixed solvent with r-^ and
r2 remaining larger than unity.
To test the validity of the above ideas regarding
growing ion-pair reactivity in mixed solvents, the
effect of stannic chloride on copolymerization Y^ras
studied in methylene chloride 75^―n-heatane 25 L/≫.
According to Chapter 2, a growing ion-pair including
stannic chloride is less reactive than that including
titanium tetrachloride. This means that the change
from IB" TiCl/X to IB' SnCl^Z^ is equivalent to
change from IBR TiC^X9 to St'^TiCl^X0 . Hence
step (b) becomes to some extent important in the
reaction of IB■TiCl^-K^, where step (a) dominates
the reaction. This leads to r^ (SnCl,.) smaller than
rl fTiCl )' ^^^ ri remaining larger than unity. On
the other hand, the change from StR TiCl.-Xp to
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st1^ SnCl^ X"' means, on the same basis, that step
(b) dominates the reaction. This leads to the con-
clusion that r2(SnCl/i) ^3 ^-aTSeT than r2(TiCl/i) wi^
x^ remaining larger than unity. Such actually
obtains for copolymerization of isobutene with styrene
by stannic chloride. Overberger et al.3) reported
that in the copolymerization of isobutene (ivL) and
p-chlorostyrene (M?) in nitrobenzene, r-ifAlBr ) was
larger than *"]_(snCl) an(^r2(AlBr7;) smaHer than
r2(SnClO* ^is is in good agreement with our ex-
perimental results and supports our views, if aluminum
bromirl.eforms an more reactive ion-pair than stannic
chloride.
4.2 The effect of solvent on the A value and on k_ A-,
r12 ^11
As is seen from Fig. 11-19, both A and kr /lu
decrease vfith the increase of solvent dielectric constant.
This is the same trend as was found for the monomer transfer
reaction in cationic polymerization of styrene.4J In
cationic polymerization of isobutene ･3' and styrene, '
kp increases with increasing solvent dielectric constant,
which is ascribed to greater dissociation of the growing
ion pair. On the other hand, the monomer transfer reaction
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toward styrene monomer, which has been proved to be essential-
ly a Friedel-Crafts alkylation, is not greatly accelerated
by dissociation of growing ion-pair due increase of dielect-
17)ric constant of solvent. ' Here the cross-transfer reaction
is substantially the same as the styrene type of monomer
transfer reaction. Hence kr /k-, behaved as expected.
r12 pll
In Fig. 11-19? selective solvation by the solvent
of greater polarity is seen to be absent in the present
system. It is conceivable that the small change of kr-,o/
kp in the solvents containing over 50> of methylene
chloride is conditioned by dissociation of tho growing ion-
pair in such solvents gradually approaching its limiting
value o
The present author has sometimes used mixed solvent
to studjT-the effect of solvent polarity on the monomer
transfer reaction. In the present investigation it was
found that selective solvation by one component of the
mixed solvents is not important unless solvents of dif-
ferent structures are mixed. The mixing of solvents of
analogous structure is considered to be a valid way of
changing the polarity of the medium.
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To sum up, the following can be stated:
Isobutene (M-^)was copolymerized with styrene (M ) by
titanium tetrachloride in n-hexane―methylene chloride. The
monomer reactivity ratio was found to toe greatly affected
by the mixing ratio of solvent, r, was larger than unity
and r? was nearly unity in methylene chloride, while r,
was smaller and r was larger than unity in h-hexane. Both
r and r~ were larger than unity in mixed solvents. Fur-
thermore, r, became larger with increasing solvent dielect-
ric constant. These findings were interpreted in terms of
the effect of solvent on stability of growing ion-pair.
The cross-transfer reaction fron isobutene cation to
styrene monomer was also affected by the ratio of solvents
in a mixture and this was explained in terms of the effect
of solvent on the styrene-type monomer transfer reaction.
No evidence for selective solvation by one of the
components of the mixed solvent was detected in the n-
hexane ―methylene chloride system.
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Investigations of transfer and termination reactions
in cationic polymerization of vinyl monomers were described
in Parts 2, 3 and 4≪ The experimental results will now
be summarized.
Part 2 Kinetics of the transfer and termination reactions
in cationic polymerization of vinyl monomers
To calrify the mechanism of the transfer and ter-
mination reactions in cationic polymerization, and the
relationship between the polymerization condition and the
polymer molecular weight, the typical ten vinyl monomers
were polymerized using Friedel-Crafts catalysts, and the
transfer and termination reactions were studied kineti-
cally.
Chapter 1 a -Ivlethylstyrene
d-Methylstyrene vraspolymerized using boron trifluo-
ride etherate as the catalyst at -20°, -50°and -78°C.
Polymerizations were carried out in n-hexane (non-
solvent for the catalyst and polymer) mixed with toluene,
or chloroform, or methylene chloride (good solvent for
both), with the result that some interesting results were
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obtained in polymerization at -78°C. The c'atalyst pre-
cipitates in n-hexane and the polymer formed around the
catalyst also precipitates and covers the catalyst,
leading to a low yield of low molecular weight polymer.
On the other hand, mixed solvents facilitates monomer
diffusion to the catalyst, leading to a high yield of
high molecular weight polymer. Increasing ratio of good
solvent in the mixed solvent causes polymerization rate
and molecular weight to rise. Thus the polymer molecular
weight could be widely varied simply by changing solvent
composition.
With toluene―n-hexane mixed solvent, the polymer
molecular weight rose to maximum when the volume ratio
secured homogeneity of the polymerization system, and
was not affected by increasing the amount of toluene.
With chloroform―n-hexane, the polymerization system
achieved homogeneity at the same mixing volumes, the
polymer molecular weight continued to increase, and reached
a maximum at chloroform―n-hexane 3:1, after which it de-
creased. In methylene chloride―n-hexane mixed solvent, the
polymerization system "became'homogeneous at the ratio of
solvents for which the polymer molecular weight became a
maximum, and decreased with further increase of the pro-
portion of methylene chloride.
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To explain why the polymer molecular vreight could wide-
ly be varied simply by changing the solvent composition,
and why the effects of toluene, chloroform and methylene
chloride on the polymer moleculrr vreight in the homo-
geneous system were different, the rate constant ratios
for the transfer and termination reactions were determined
from the polymer molecular weight. It was found that,
the monomer transfer reaction was most important in deter-
mining polymer molecular weight, so the effects of solvent
on the monomer transfer constant ratio (k^j/kp) were
interpreted in term of solvent dielectric constant.
k-tmAp became a minimum at around dielectric constant 6
over a temperature range -20°to -78°C. Hence, it was
kinetically proved that high molecular weight poly-a -
methylstyrene could be produced by polymerization in a
solvent of dielectric constant 6. This experimental
fact corresponds to the results that poly-ot-methyl -
styrene of the highest molecular weight could be produced
in 5si chloroform―n-hexane or in 1:1 methylene chloride ―
n-hexane mixtures.
When the solvent dielectric constant was increased
to 6, k-fcm/kp decreased, which was just what was found
in styrene polymerization, suggesting that the monomer
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transfer reaction mechanism is the same in both cases.
However the increase of k^jjj/kp when the solvent di-
electric constant is more than 6, which is opposite to
what obtains with styrene, remains to "be explained.
Chanter 2 Isobutene
The effects of polymerization temperature (-20 ,
-50°and -78°C), solvent (n-hexane, chloroform, methylene
chloride) and catalyst (stannic chloride―trichloroacetic
acid, titanium tetrachloride―trichloroacetic acid, tita-
nium tetrachloride) a cationic polymerization of isobutene
were studied. It was found that the polymer molecular
weight was higher, the lower the temperature, the lower
the solvent dielectric constant, or the stronger the
catalyst. The effects of catalyst and solvent on polymer
molecular weight were just the opposite to what obtained
with styrene. It was established kinetically that the
monomer transfer reaction is important in determining
polymer molecular weight| further, the effect of poly-
merization condition on k^/kp was studied. It was
found that the lower the temperature, the smaller the
solvent dielectric constant, and the stronger the catalyst,
the smaller k-^jo/kp. This, just opposite to what
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obtains nith styrene, explains kinetically the effect of
polymerization condition on the polymer molecular weight
Bromination showed the presence of double bonds in
polyisobutene. Prom these experimental results it was
considered that in isobutene polymerization the monomer
transfer reaction is a proton extraction by monomer from
a penultimate carbon atom, which is designated the iso-
butene-type monomer transfer reaction. Since in the iso-
butene-type monomer transfer reaction a proton is ex-
tracted and the ion-pair bonding of the growing end must
be loosed, there the free ion form of the growing end
is more important than the ion-pair form, and this view
affords a satisfactory explanation of the effects of
solvent and catalyst on l-c^/lc-.
Chapter 3 Methoxystyrenes
To clarify the mechanism of the monomer transfer
reaction in cationic polymerization of styrene and its
derivatives, cationic polymerizations of o- and p-metho-
xystyrenes using boron trifluoride etherate as catalyst
were carried out in carbon tetrachloride, chloroform or
methylene chloride over the temperature range 30°Cto
-5O°C, and the electronic and steric effects of the sub-
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stituent on ktm/^p we*"einvestigated.
The higher the solvent dielectric constant, the smaller
k-fcjj/kpfor p-methoxystyrene, which is what is found for
styrene polymerization, ktn/kp for o-methoxystyrene is
independent of solvent dielectric constant. The ktm's °^
styrene, o- and p-methoxystyrene were compared with each
other, and the reactivities of these three monomers in
the monomer transfer reaction were considered. It was
found that, due to the p-methoxy group, reactivity of p-
methoxystyrene in the propagation step is ten times greater
than that of styrene, but that in the monomer transfer
reaction is only two to five times greater. On the other
hand, stemming from the effect of the o-methoxy group,
reactivity of o-methoxystyrene in the propagation reaction
is only five times greater than that of styrene, but in
the monomer transfer reaction it is ten times greater.
Since a substituent affects the propagation and
monomer transfer reactions differently, the two reactions
are thought to occur at the different places. As aroma-
tic compounds act as chain transfer agents in cationic
polymerization, it was assumed that the monomer transfer
reaction of methoxystyrene occurs by the interaction
between the growing end and the phenyl group of the monomer
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(Friedel-Crafts reaction). The reaction site for the monomer
transfer reaction was found, by molecular orbital cal-
culations, to be ortho to the methoxy group for p-metho-
xystyrene and the para position to methoxy group for o-
methoxystyrene. From the above it is evident that the
monomer transfer reaction of p-methoxystyrene is sterically
hindered more than that of o-methoxystyrene, and this con-
dition is in good agreement with the experimental findings
regarding the effect of the substituent on k-fcm*
The infrared abosprption spectrum of polymethoxy-
styrene showed the presence of a terminal vinyl group in
the polymer, which supports the view that a Friedel-Crafts
reaction occurs between a monomer phenyl group and a
growing cation, a reaction being named the styrene-type
of monomer transfer reaction.
Chapter 4 Chlorostyrenes
To ascertain the validity of the mechanism of styrene-
type monomer transfer reaction, o- and p-chlorostyrene,
which are styrene derivatives with -I substituent, were
polymerized using stannic chloride― trichloroacetic acid
as catalyst at 50°Cin benzene, toluene and dichloroethane,
and effects of the substituent on k-tm/kp were investigated.
-R1S_
k-^jjj/kp's of both monomers decreased with increasing solvent
dielectric constant, a tendency characteristic of the
styrene-type monomer transfer reaction.
Using the method of Chapter 5, the monomer reactivi-
ties of styrene, o- and p-chlorostyrene in the monomer
transfer reaction (Rjj') were compared with each other, and
it was found that Rjj1 of chlorostyrene was lower than that
of styrene, due to the adverse influence of chlorine in
respect of Iriedel-Crafts reactions. Comparing the
chlorostyrene isomers with one other, Rjj1 of the ortho
isomer was larger than that of para isomer. As the monomer
transfer reaction of chlorostyrene occurs at the monomer
phenyl group, the reaction site was found by molecular
orbital calculations. The reaction site of the monomer
transfer rea.ction for o-chlorostyrene was found by cal-
culation to be para to the vinyl group, which is less
sterically hindered than is the position ortho to vinyl
group in p-chlorostyrene where steric hindrance is large.
Such is the reason for the difference in Rjj1 between the
two isomers.
The infrared spectrum of the polymer showed the pre-
sence of a terminal vinyl group, suggesting reaction
between a monomer phenyl group and a growing ion. Thus,
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the monomer transfer reactions of methoxystyrene and
chlorostyrene, which have +M and -I substituent respectively,
were interpreted by the same mechanism. The effects of
polymerization conditions on the styrene-type monomer
transfer reaction are just opposite to those on the iso-
butene-type monomer transfer reaction, and consequently
the ion-pair form would "be expected to be important in the
styrene-type monomer transfer reaction. The styrene-type
monomer transfer reaction is essentially a Frie^el-Crafts
reaction, the latter being found to proceed without the
dissociation of the ion-pair (Brown's result), but on the
other hand, the propagation reaction is suppressed in the
ion-pair form (Kanoh's result), so that ion-pair form is
important in the styrene-type monomer transfer reaction.
The effect of solvent on k-tm/kp of a -methylstyrene
can conveniently be explained on the view that <X-methyl-
styrene, the structure of which resembles either isobutene
or styrene, undergoes the styrene-type monomer transfer
reaction in solvent of dielectric constant below 6, but
the isobutene-type monomer transfer reaction in the
solvent of dielectric constant above 6.
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Chapter 5 Methyl Vinyl Ether
To investigate the monomer transfer reaction in the
cationic polymerization of a vinyl alkyl ether having
ethereal oxygen of large carbonium ion affinity, methyl
vinyl ether was polymerized at -20°and -50 C. The effects
of solvent (carbon tetrachloride, chloroform, methylene
chloride) and catalyst (stannic chloride―trichloroacetic
acid, boron trifluoride etherate) on the degree of poly-
merization of polymer vrereinvestigated, and it was found
that the lower the solvent dielectric constant and the
milder the catalyst, the higher the degree of polymeri-
zation of the polymer. The effect of solvent was the same
as was found in isobutene polymerization, while the effect
of catalyst was the same as in styrene polymerization.
The degree of polymerization of polymer was found to be
determined mainly by the monomer transfer reaction,
ktm/kp was smaller the lower the solvent dielectric
constant (isobutene-type), and the milder the catalyst
(styrene-type).
On the other hand, the unimolecular termination
reaction constant ratio (k^-'/kp) was affected by solvent
and catalyst in the same way as was ktm/kp≫ suggesting
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that both reactions are governed by a similar mechanism.
Bromination of polymer showed that the monomer transfer
reaction resulted in a double bond at the end of the poly-
mer, whereas the unimolecular termination reaction did
not produce a double bond. Hydrolysing the polymer with
hydrogen chloride, and analysing the resultant aldehyde
with hydroxylamine, it was found that the monomer transfer
reaction gives a polymer end group which affords two
molecules of aldehyde, whereas the unimolecular termination
reaction gives a polymer end group which cannot produce
aldehyde.
These experimental results suggested that the monomer
transfer reaction occurs by interaction between a growing
ion and ethereal oxygen of the monomer, leading to the
ether cleavage and the production of a methyl cation,
and that the unimolecular termination reaction involves
interactions between a growing ion and ethereal oxygen
of the monomer unit penultimate with respect to the grow-
ing chain end, leading to ether cleavage and production
of a tetrahydropyran ring.
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Chapter 6 Butyl Vinyl Ether
To test the validity of the mechanism of the vinyl
alkyl ether monomer transfer reaction proposed in Chapter
5, isobutyl and t-butyl vinyl ethers were polymerized by
boron trifluoride etherate, and the effect of the alkyl
substituent of k-km/kp considered. Polymerizations of
isobutyl vinyl ether were run at -20°or -50 C or -78 C.
k+ /lc and k+'/k^ for both kinds of monomers were larger,
the higher the solvent dielectric constant and the higher
the temperature, exactly as was found for polymerization
of methyl vinyl ether. Regarding the difference between
methyl vinyl ether and butyl vinyl ether, though the
activation energies for k-t^/kp and k-fc'/kpof methyl vinyl
ether are fairly large, the rate constant for isobutyl
vinyl other is determined by solvent dielectric constant
rather than by temperature, and the activation energies
for both reactions are almost zero, especially in solvent
of higher dielectric constant.
This experimental fact is explicable as follows in
terms of the transfer and termination mechanisms proposed
in Chapter 5* in the activated state for these reactions,
an alkyl cation or alkyl cation-like state will appear,
so formation of reactive methyl cation in the methyl vinyl
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ether reaction needs more activation energy than for-
mation of unreactive butyl cations (isobutyl and t-butyl
cations) in the butyl vinyl ether reactions. Particularly
in solvent of high dielectric constant, the activated
complex of the butyl vinyl ether reactions is solvated
enough to cut the activation energy to zero. Thus the
same mechanism is proved to hold for the monomer transfer
and unimolecular termination reactions of butyl vinyl
ethers.
Part 3 Polymer molecular weight
To discuss the monomer transfer reaction and the uni-
molecular termination reaction on a basis of rate constant
ratios calculated from the polymer molecular weight, it
is necessary to have some information about the relation-
ship between the polymer molecular weight and the intrin-
sic viscosity, the variation of polymer molecular weight
distribution with the progress of polymerization, and the
chain branching in the polymer. In the present Part the
discussion will deal mainly with polymer molecul?x weight
and pa.rtly with the stereospecificity of the polymer.
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Chapter 7 Poly-c6-methylstyrene
Of the poly- <x-methylstyrenes produced at -78 C using
boron trifluoride etherate as the catalyst, the polymers
obtained in chloroform-rich chloroform―n-hexane mixed
solvent (chloroform/n-hexane > 3) or in n-hexane-rich
methylene chloride―n-hexane mixed solvent (methylene
chloride/n-hexane - 0.6) are partially insoluble in benzene
at room temperature. This polymer dissolves in hot ben-
zene ( > 40°C), toluene, chloroform, methylene chloride
:snd other organic solvents, so the crosslinking of the
polymer chain cannot be responsible for the insolubility
in cold benzene. The polymer was extracted with cold
benzene, and it was found that the v-ray diagram of the
extracted residue was sharper than that of the extract-
able part or of the total polymer, suggesting crystalli-
nity of the polymer insoluble in cold benzene. This
crystalline poly- a-methylstyrene could not be produced
using catalysts other than boron trifluoride etherate
(metal sodium, stannic chloride, aluminum chloride), or
in solvent of dielectric constant other than 5-6 (toluene,
methylene chloride), or at higher temperature (-20°C),
indicating that some condition for a growing ion must be
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fulfilled to obtain a crystalline polymer, and the effects
of the polymerization conditions are possibly explained
by the mechanism proposed from our laboratory for the
stereospecific polymerization of alkyl vinyl ethers in a
low temperature homogeneous cationic polymerization system.
However, once the polymer fraction insoluble in cold
benzene was dissolved in benzene by heating, and re-
precipitated, it became very soluble in cold benzene.
Furthermore, the X-ray diagram of polymer film made from
the fraction insoluble in cold benzene and afterwards
stretched 5~6 times its original length showed some ori-
entation, but it became diffuse when stretched more than
5-6 fold. The usual crystallyzing methods such as boiling
the polymer film in non-solvent and thermal treatment did
not lead to an oriented X-ray diagram. The polymer in-
soluble in cold benzene could be produced only at high
polymerization conversion. Taking into account all of
these facts, polymer entanglement was advanced as another
reason for insolubility in cold benzene. What is more
likely is the co-operation of crystallinity and entagle-
ment.
The intrinsic viscosity of benzene solutions at 30 C
and the number average molecular weight of the fractionated
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poly-a-methylstyrene were determined, leading to an in-
trinsic viscosity―molecular weight equations ―
[^] = 2.49 x 10-4 xlg-647
There were no differences betvreen the corresponding in-
trinsic viscosity―molecular weight relationships and ^
―molecular weight relationships for the polymer insoluble
and soluble in cold benzene, and hence it is concluded
that there is no difference between the solution properties
of the two types of poly-a-methylstyrene. The Q -solvent
composition for poly- of.-methylstyrene at 30°C(methanol
20.6 vol.c/o―benzene79*4 vol./o) was determined, and [-7 }Q
was measured, leading to the equation below:
O ] = 9-68 x 10"4 x I0*50
T 21Using 3? = 2.1 x 10 , the ratio of root mean square of
polymer end-to-end distance viz., ( <r§ >/<f of2>)'L/>
was calculated to be 2.73 at 30°C. A steric effect of the
≪;-methylgroup on the free rotation of the polymer back-
bone chain is evident on comparing ( <?q >/<fof2^> ) '
= 2.73 with the value 2.30 reported for polystyrene.
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Chapter 8 Polystyrene
Styrene was polymerized in dichloroethane or carbon
tetrachloride―nitrobenzene mixed solvent using boron
trifluoride etherate or stannic chloride as the catalyst
(30° or 0°C). The relationship between the conversion
and the degree of polymerization of polymer was firstly
investigated, and it was found that in polymerization in
dichloroethane the degree of polymerization of polymer
decreased with increasing conversion as expected from the
decrease of monomer concentration, but that in poly-
merization in carbon tetrachloride―nitrobenzene the degree
of polymerization of polymer was almost independent of,
or increased with,increasing conversion. These results
suggest that, due to the polymer chain transfer reaction,
polymer of higher molecular weight than that expected
from the decrease of monomer concentration was produced
with the progress of polymerization.
Next, the weight average molecular weight (l%) was
measured for unfractionated polystyrene using an ultra-
centrifuge or light scattering. Plotting ＼ against in-
trinsic viscosity logarithmically, a certain straight
line was obtained for polystyrene produced in dichloro-
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ethane independent of conversion, but M^ of polystyrene
produced in carbon tetrachloride―nitrobenzene deviated
from the straight line to the higher molecular weight
range. This again suggested the presence of chain branch-
ing due to polymer chain transfer in carbon tetrachloride―
nitrobenzene-.
Thirdly, the monomer transfer constant ratios (k./'k )
and the unimolecular termination constant ratios (k.(/k^),
determined when varying the initial monomer concentration,
were compared with those calculated from the degree of
polymerization―conversion, and it was found that the rate
constant ratios for polymerization in dichloroethane
agreed well, but that those for polymerization in carbon
tetrachloride―nitrobenzene did not agree. So it can
safely be said that in polymerization carried out in
solvent containing nitrobenzene polymer chain branching
due to the polymer transfer reaction is possible. This
agrees well with the results reported by Overberger and
Atkins.
Fourthly, to establish the occurrence of the monomer
transfer reaction as an elementary reaction in cationic
polymerization, the molecular weight distribution of poly-
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styrene was considered. Polystyrene was synthesized in
dichloroethane, fractionated, and the polymer molecular
weight calculated. When the degree of polymerization of
the polymer is controlled by the monomer transfer reaction
only, Mw/iij^is 2, independent of conversion, but when
the unimolecular termination reaction or solvent transfer
reaction occurs (as is usual), M_/lL will be 2 at the
beginning of polymerization and rise to over 2 as poly-
merization progresses. Actually it was found that M^/un
was lower than 2 even for polystyrene produced with high
conversion, and H^/^ is not a useful criterion. However,
why J%/Mn was lower than 2 is not at present clear.
Lastly, the following intrinsic viscosity―molecular
weight equations were obtained for polystyrene without
branching obtained in dichloroethane:
tfnfractionated -oolystyrene
rnl3°°c = 1.0 x 10-4 x Ig.72 (1)
■-( 'Benzene
Fractionated Dolvstyrene
[H^ene - 2.2T x 10-* x
<■≪ (5)
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Taking into consideration the intrinsic viscosity―molecular
weight equations so far reported, Pepper's equation is
best for unfractionated polystyrene (number average mole-
cular weight):
[r,]l5°Q = 4.37 x 10"4 xl°'66 (4)
- Benzene n
and equation (3) for fractionated polystyrene (weight
average molecular weight).
Chapter 9 Polymethoxystyrene
Poly-p-methoxystyrene obtained by cationic poly-
merization and poly-o-methoxystyrene obtained by thermal
polymerization were fractionated, and M^ found by light
scattering and intrinsic viscosity in toluene or methyl












Saito et al. previously reported intrinsic viscosity―
molecular weight equations for poly-p-methoxystyrene, but
they do not agree well with equations (3) and (4). The
relationship between intrinsic viscosity and molecular
weight for poly-p-methoxystyrene is different from that
for poly-o-methoxystyrene, especially in methyl ethyl
ketone. This is not in accord with the conclusion of
Saito et al. that the effect of substituting the phenyl
group is not in evidence in the solution properties of
the polymer because of the predominating effect of a
large phenyl group.
p-Methoxystyrene was polymerized by boron trifluoride
etherate in carbon tetrachloride , when I^/K-p was found to
be in good agreement with that calculated using rate constant
ratios determined in other experiments. This implies
validity of the theoretical equation for molecular weight
distribution, and from the latter it was found that the
viscosity average molecular weight (TIL), which is calculated
by inserting intrinsic viscosity of unfractionated polymer
into the intrinsic viscosity―molecular weight equation
for fractionated polymer, is about twice IL, which is
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needed to calculate the true rate constant. This means
that it is valid to compare rate constant ratios obtained
from the intrinsic viscosity of unfractionated polymer
produced under various conditions.
The composition of 8 -solvent at 30°C for poly-o-
methoxystyrene (methanol 25 vol.^o―toluene 75 vol.^) and
for poly-p-methoxystyrene (methanol 28.1 vol.c/o―toluene
71.9 vol.^) were determined, and the effect of substituent
on the polymer expansion was investigated. ( < r＼>/< Tof% V^
for poly-o-methoxystyrene was 2.44 and that for poly-p-
methoxystyrene was 2.50. These values are slightly larger
than 2.35 reported for polystyrene at 30°C, and it was
found that the methoxy group substituting in the phenyl
group exerts but little steric effect on free rotation of
the back-bone chain.
Part 4 Growing ion reactivity
Recently it has been obvious that growing ion reacti-
vity depends on the kind of monomer, on catalyst and on
solvent. In Part 4> considerations were given to the
method for evaluating the growing ion reactivity using
chain transfer reaction. Some interesting results found
in cationic T>ot>olvmerization were interpreted in term of
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the ion reactivity.
Chapter 10 Evaluation of ion reactivity using the
chain transfer reaction
Three ways for evaluating the ion reactivity in ionic
polymerization were proposed: ―
Firstly, direct measurement of the propagation rate
constant. For example, in the cationic polymerization of
vinyl alkyl ethers catalyzed by iodine, Kanoh et al. re-
ported homopolymerization propagation rate constants
(l./mole/sec.) at 30 C in dichloroethane; k-Q = 390 for
isobutyl vinyl ether (Ml) and k22 = 260 for 2-chloroethyl
vinyl ether (Mp)≫ On the other hand, for the copoly-
merization carried out under the same condition, r, =
kll/k12 = 2*° and r2 = k22/k21 = °'^' These &ive k12=
195 and k2]_= 520, leading to the following sequence; ―
k21 > kH > k22 > k12
This means that the more reactive monomer in the propaga-
tion reaction (1%) gives the less reactive ion, the same
trend as was found in radical polymerization.
Secondly, calculations using molecular orbital theory.
The cation and anion localization energy of various monomers
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C A(L and L.) were calculated and plotted against calculated
localization energy of various cation and anion (Lq and L^)'
leading to an inverse propertionality between Lq and Ljj and be-
A XTtween L^ and Ljl. Since the larger the localization energy the
less readily the reaction occurs, the above relationship means
that the more reactive monomer in cationic or anionic
polymerization gives the less reactive cation or anion,
the same trend as that found in radical polymerization.
Thirdly, evaluation using the chain transfer reaction.
For example, in cationic polymerization, chain transfer
constant ratios to toluene of two kinds *f cations
(*r and k_
2
/k_ ) were determined. These two monomers
were copolymerized under the same conditions as above,
and r-], r? were obtained. Assuming
kr /k = (kr Ap )/(kr /kp ) (ri/r2
- (t /r )1/2
calculated.
The reactivities of two cations were compared using
kr /kr , assuming that the latter to be a good index of
the ion reactivity ratio.
Styrene, o- and p-chlorostyrene, p-methylstyrene,
o- and p-methoxystyrene were polymerized at 30°Cusing
stannic chloride―trichloroacetic acid as the catalyst,
and the ion reactivity was estimated using the method
described above and was considered in relation to the
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monomer reactivity. The order of monomer reactivity (R )
found in copolymerization was:
p-methoxy > o-methoxy > p-methyl > p-H > o-chloro >
p-chlorostyrene
The order of ion reactivity (R-j-1)found in chain transfer
reaction to toluene was:
o-chloro > p-chloro > p-H > p-methyl > o-methoxy >
p-methoxystyrene
A Hammett plot (log Rjj―(T+ and log Rj'― <r+) was made
with styrene and the three para-substituted styrenes, and
straight lines were obtained, giving f = -1.8 for RM and
2.1 for R-r'･ This means that -I effect of chlorine caused
decrease in monomer reactivity of chlorostyrenes and in-
crease in ion reactivity, and that due to +M substituent
methyl and methoxy the monomer reactivity was increased
and the ion reactivity was decreased.
In both chlorostyrenes and methoxystyrenes, ortho
isomers were found to give more reactive (less resonance-
stabilized) cations than para isomers, due to effect of
steric interaction of the ortho-substituent on the copla-
narity of carbonium ion.
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Chapter 11 The cross-transfer reaction in
copolymerization
In cationic copolymerization the copolymer degree of
polymerization is generally less than those of homopolymers
used. In cationic copolymerization of isobutene with
styrene derivatives at -78°Cusing titanium tetrachloride―
trichloroacetic acid as the catalyst, the order of A-value
which represents the degree of lowering of the copolymer
degree of polymerization (the larger is A, the lower is
the degree of polymerization of copolymer) was;―
Isobutene―ex-methylstyrene > Isobutene―styrene>
Styrene― <x-methylstyrene
Reactivities of the above three cations were estimated
using the chain transfer constant to methanol, the order
of reactivity being as:―
Isobutene cation > Styrene cation ~ ot-Methylstyrene
cation
Reactivities of the above three monomers as a chain
transfer agent were determined, leading to the sequences―
oi-Methylstyrene> Styrene > Isobutene > Toluene
It was thus made clear that, particularly in cationic
copolymerization of isobutene with oc-methylstyrene, there
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is coexistence of the most reactive cation (isobutene
cation) and the most reactive chain transfer agent (&L-
methylstyrene), and that this is the reason for the marked
occurrence of the cross-transfer reaction and formation
of low molecular weight copolymer.
Low molecular weight copolymer from isobutene and o< -
methylstyrene showed an infrared absorption at 825 cm" ,
due to para-substituted benzene, which supports the styrene-
type monomer transfer reaction between isobutene cation
and phenyl group of ot.-methylstyrene.
Copolymerizations of isobutene (M-^) and styrene (lIL^)
were carried out at >-78°Cusing titanium tetrachloride
as the catalyst in n-hexane―methylene chloride mixed
solvents with various compositions, and a great variation

























As mentioned above, a large difference was observed between
the reactivities of isobutene cation and styrene cation,
and the less resonance stabilized isobutene cation was
found to be very reactive or unstable. In the copoly-
uerization in n-CgH]/, there is a lack of solvation-
stabilization of growing ion, and the stability of the
growing ion controls the reaction. Under these circum-
stances the styrene cation is more easily formed than is
the isobutene cation, leading to r^ < 1 and r2>l. With
increasing proportion of methylene chloride in the mixed
solvent, the isobutene cation can be increasingly solvated
and stabilized. In methylene chloride both ions may be
almost completely solvated, so the influence of ion
stability on the reaction is small. Instead, the monomer
reactivity is determined mainly by the nucleophilic nature
of the vinyl double bond of the monomer, leading to r-i> 1
and r2 ― 1.
In nixed solvents, both r-^ and ?2 were greater than
unity, and this was explained on the viev/ that in the
reaction concerning the isobutene cation, the nucleophilic
nature of the monomer is important but that in the reaction
involving the styrene cation, what is important is the
stability of ion.
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Regarding A-values in the present experiments, they
were a maximum in n-hexane and decreased with increasing
ratio of methylene chloride in the mixed solvent, which
is characteristic of the styrene-type monomer transfer
reaction.
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